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BACKGROUND 


in  nrriar  f!l  a??  Bensel  (6>  7’  8)  conducted  biomechanical  studies  of  military  footwear 

.  d<  . 1  ldentlfy  means  of  enhancing  locomotor  capabilities  and  reducing  tower 
extremity  injury  rates.  Their  goal  was  to  develop  recommendations  for  future  military 
footwear  with  regard  to  materials,  design,  construction,  fabrication  techniques  andanv 
other  aspects  that  would  benefit  the  performance  and  lower  extremity  health  of  militant 
personnel.  The  biomechanical  analyses  carried  out  by  Hamill  and  Bensel  consistinotf 
materials  testing  and  human  subject  experimentation  performed  on  military  boots  a^d 

military  footwearS  ^  b°°tS’  9en6rated  ^commendations  for  the  design  future 

t  ln  ^  f'rSt  phasf  of  the  biomechanical  analysis  of  military  boots,  Hamill  and  Bensel 
(6)  focused  on  materials  testing.  They  found  that  the  Army  jungle  and  combat  boots 
compared  unfavorab^  to  commercial  footwear  (basketball  shoe,  cross  trainer  hiking  boot 
and  work  boot)  as  to  impact  absorption.  In  the  second  phase  of  their  research  Ham?ll  anH 
ensel  (7,  8)  determined  how  Army  and  commercial  boots  compared  when  worn  by  human 
subjects  wa'king  at  different  speeds.  During  the  walks,  the  jungle  and  combaTboots 
produced  the  highest  peak  impact  forces.  Further,  the  magnitudes  of  the  propulsive  peak 
were  relatively  large  as  compared  to  commercially  available  footwear.  P 

As  a  follow-up  to  the  work  of  Hamill  and  Bensel  (6,  9),  an  applied  research  Dronmm 
in  biomechanics  was  established  to  generate  concepts  for  improved  military  boots  The 
p  gram  was  approved  as  a  Department  of  Army  Science  and  Technology  Objective  to 
be  conducted  jointly  by  the  U.S.  Army  Natick  Soldier  Center  and  the  U  S  Army 
Research  Institute  of  Environmental  Medicine.  The  goals  of  the  program  wereto 
entity  concepts  for  military  footwear  that  would  improve  the  locomotor  efficiency  of  the 
wearer  and  resort  in  a  reduction  of  stress-related  injuries  of  the  1^,^ 
compared  with  the  standard-issue  black  leather  combat  boots.  Requirements  for 
improved  boots  were  generated  that  addressed  functional  characteristics  such  as 
durability  under  military  field  conditions,  and  biomechanical  characteristics  such  as 
impact  properties.  These  requirements  formed  the  basis  of  a  requestor  proposals  for 
manfif^p^  fabncatlon  of  Pr°totype  boots.  A  group  that  included  three  footwear 

was  RrSe?rchTnSraWa  ^  t0  Pr°dUCe  prototyPes-  The  lead  contractor 

as  Ro-Search,  Inc.,  a  major  producer  of  military  footwear.  The  other  footwear 

manufacturers  were  Hyde  Athletic  Industries,  Inc.  and  Rocky  Shoes  and  Boots,  Inc. 

Five  prototype  boots  were  designed  and  produced  by  these  companies  The 
experiment  described  in  this  report  was  designed  to  assess  the  physiological 
biomechenic31,  and  maximal  performance  responses  of  men  wearing  thefive’ 

nf  iiytPeS  Ih  °rdSr  t0  determme  which-  if  any-  of  the  prototype  boots  showed  promise 
of  meeting  the  program  goals  of  improving  the  wearer’s  locomotor  efficiency  and 

reducing  the  likelihood  of  lower  extremity  injuries.  To  provide  a  ba^s  oTcomparLn 
two  current-issue  Army  boots,  the  combat  and  jungle  boots,  were  included  inthe  ’ 
experiment,  as  were  five  commercial  hiking  boots. 
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EXECUTIVE  SUMMARY 

The  experiment  evaluated  the  physiological,  biomechanical,  and  maximal 
performance  responses  of  14  male  soldiers  wearing  2  current  Army  boots,  5  prototype 
Army  boots,  and  5  commercial  hiking  boots.  Physiological  evaluation  determined  the 
rate  of  oxygen  consumption  for  carrying  a  60-lb  backpack  load  while  walking  in  each 
type  of  boot.  Biomechanical  analysis  quantified  gait,  posture,  and  lower-extremity  joint 
forces  and  torques.  Maximal-speed  runs  with  and  without  a  60-lb  backpack  were  timed 
on  both  straight  and  zigzag  400  m  grass  courses.  Comfort  and  functionality 
questionnaires  were  administered  to  the  volunteers  after  they  walked  6  miles  at  3  mph 
over  pavement  and  wooded  trail  in  each  boot-type;  blisters  and  other  foot  trauma  were 
assessed  post-march.  All  testing  was  performed  at  the  U.S.  Army  Soldier  Systems 
Center  in  Natick,  MA,  and  on  the  roads  and  in  the  forest  of  the  town  of  Natick  MA  from 
the  fall  of  1 996  to  the  fall  of  1 997. 

Based  on  their  overall  performance,  the  boots  were  ranked  using  a  point  system. 
From  best  to  worst  the  boots  were: 


1. 

Salomon  Adventure  9  Ultralight  (boot  12) 

100 

2. 

Raichle  Highline  (boot  9) 

90 

Three-way  tie: 

4. 

Prototype  3  (boot  3) 

84 

4. 

Prototype  4  (boot  4) 

84 

4. 

Asolo  Meridian  (boot  11) 

84 

6. 

Asolo  AFX  535  (boot  10) 

73 

7. 

Prototype  1  (boot  1 ) 

70 

8. 

Prototype  2  (boot  2) 

67 

9. 

Montrail  Moraine  (boot  8) 

65 

10. 

Army  combat  boot  (boot  6) 

59 

11. 

Army  jungle  boot  (boot  7) 

51 

12. 

Prototype  5  (boot  5) 

50 

The  poor  performance  of  the  current-issue  Army  combat  and  jungle  boots  supports  the 
initiative  to  develop  new  standard-issue  boots. 

The  performance  of  all  the  boots  is  summarized  in  a  table,  and  a  list  is  provided 
of  the  best  performer  for  each  major  evaluation  variable,  enabling  boot  designers  and 
developers  to  select  the  best  features  of  all  the  boots  for  incorporation  into  a  future 
military  boot. 


1 


INTRODUCTION 


hnntQ  th 9  9!  b  9  n.n'ng  °  Ar,Tiy  basic  Naming,  every  recruit  is  issued  leather  combat 
boots  that  are  used  for  all  training  activities,  other  than  group  calisthenics  and  runninq 
Following  basic  training,  soldiers  wear  their  boots  for  many  activities  includinq  field  9' 
N^HC!neS|i  gamsont  work-  combat  scenarios  and  actual  combat.  Essentially  the  boot  is 

hnn?  h8  circumst®nces  ln  whlch  specialized  footwear  (safety  shoes,  cold  weather 
boots,  hot  weather  boots  etc.)  is  not  required.  Army-issue  boots  differ  from 

A?m^hontaJ  yaVa,lab  'f  hlklng. b00ts  in  that  the  latter  are  used  primarily  for  hiking  while 
Army  boots  are  used  for  running,  jumping,  climbing,  crawling,  marching,  hiking  as  well 

act,vitr ■  Alj° '  hikers  are  lar9e,V  ®xPs°ted  to  stay  on  trails  and  d»SS 
imbing  on  rocky  surfaces,  whereas  soldiers  may  be  required  to  take  off-trail  routes 
through  dense  forest,  brush,  mud,  and  water.  In  addition,  the  Army-issue  boots  are 
used  m  built-up  areas,  where  soldiers  encounter  paved  surfaces,  stairways  and 
building  interiors.  Thus,  unlike  hiking  boots,  the  Army  boots  are  used  for  a  variety  of 
physical  activities  performed  in  a  wide  range  of  environments. 

Hamill  and  Bensel  (6)  reviewed  requirements  that  have  been  used  to  quide 

th6rlp  r  reCem  generations  of  the  ArmV  leather  combat  boots,  and  identified 

hree  levels  of  requirements.  Primary  requirements  deal  with  the  boot’s  ability  to  (1) 

nhance  the  locomotor  capabilities  of  the  wearer,  (2)  minimize  the  occurrence  of  lower 
extremity  injury  and  pain,  and  (3)  provide  comfort.  Secondary  requirements  include  (1) 
e  weight  of  the  boot,  (2)  how  high  the  boot  comes  up  the  ankle,  (3)  the  design  of  the 
closures  (4)  water  resistance  and  (5)  durability  of  the  material.  Tertiary  requirements 
include  the  cost  and  rate  of  production.  Incorporating  these  and  other  characteristics 

undertaking  °f  f°°tWear  make  develoPmer|t  of  Army  boots  a  challenging 

Previous  military  footwear  research  has  been  aimed  at  developinq 
recommendations  for  new  designs.  Biomechanical  analysis  of  military  boots  has 

c°.mpar,sons  of  military  and  commercial  footwear  via  materials  testing  and 
uman  subject  experimentation.  Hamill  and  Bensel  (6,  9)  conducted  biomechanical 
hf-nmV  m,llta/y  footwear  focused  specifically  on  identifying  means  of  enhancing 
comotor  capabilities  and  reducing  lower  extremity  injury  rates.  The  goal  of  the  work 
to  develop  recommendations  for  future  military  footwear  with  regard  to  materials 
desfgn  construction,  fabrication  techniques,  and  any  other  aspects  that  would  benefit 
e  performance  and  lower  extremity  health  of  military  personnel.  The  biomechanical 
suh  JrteS  Camed  °,Ut  by  Hamil1  and  Bensel-  consisting  of  materials  testing  and  human 

opnprptTenmen  performed  on  militarv  b00ts  and  commercial  shoes  and  boots 
generated  recommendations  for  the  design  of  future  military  footwear. 

f  ln  w® flYSt  PhaSe  °f  thG  biomechanical  analysis  of  military  boots,  Hamill  and  Bensel 

Hartnett?  °“  matar,a'testlng-  The  military  footwear  tested  consisted  of  the  current-issue 
ack  leather  combat  boot”  and  the  hot  weather  jungle  boot.  Hamill  and  Bensel  used  an 

S°  hef l  0n  ,he  00mbat  and  ,he  lun9le  boots  and  the  commercial  footwear  a 
sketball  shoe,  cross  trainer,  hiking  boot  and  work  boot)  to  measure  peak  deceleration  of 
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the  impact  head,  time  to  peak  deceleration,  and  peak  pressure.  Time  to  peak  deceleration 
was  defined  as  the  amount  of  time  from  initial  contact  of  the  impact  head  with  the  shoe  to 
he  maximum  deceleration.  Peak  pressure  was  defined  as  force  per  unit  area  exerted  on 
the  shoe  by  the  impact  head  at  the  time  of  the  maximum  deceleration.  In  general,  it  was 
ound  that  the  jungle  and  combat  boots  had  higher  peak  decelerations,  shorter  times  to 
peak  deceleration,  and  higher  peak  pressures  than  the  commercially  available  shoes  and 
boots.  Thus,  the  Army-issue  boots  compared  unfavorably  to  the  commercial  footwear  For 
all  the  footwear,  there  was  lower  peak  deceleration  and  lower  peak  pressure  at  the  heel 
than  at  the  forefoot.  ' 

In  the  second  phase  of  their  research,  Hamill  and  Bensel  (7,  8)  determined  how 
Army  and  commercial  boots  compared  when  worn  by  human  subjects.  The  researchers 
tested  the  footwear  during  walks  at  three  speeds:  1 .15  m/s,  1 .5  m/s  and  3.4  m/s.  Durinq 
the  walks,  the  jungle  and  combat  boots  produced  the  highest  peak  impact  forces 
Further,  the  magnitudes  of  the  propulsive  peak  were  relatively  large  as  compared  to 
commercially  available  footwear.  In  contrast,  vertical  ground  reaction  force  peaks 
uring  running  were  either  essentially  the  same  or  lower  for  jungle  and  combat  boots 
The  researchers  also  showed  that  heart  rate  did  not  vary  significantly  as  a  function  of 
ootwear  during  any  locomotor  activities.  Men’s  oxygen  consumption  was  not  affected 
by  footwear,  but  women’s  oxygen  consumption  did  vary  depending  on  which  boot  was 
being  worn.  There  was  no  relationship  between  men’s  or  women’s  oxygen  consumption 
and  footwear  mass  or  footwear  hardness.  Kinematic  analysis  revealed  high  ankle 

flexion  velocities  for  jungle  and  combat  boots  possibly  causing  the  straininq  of  the  lono 
plantar  ligaments.  a  y 

In  a  similar  experiment,  Williams  et  al.  (17)  compared  the  current-issue  combat 
and  jungle  boots  to  commercially  available  boots  and  to  a  hybrid  boot  which  had  the 
outer  sole  of  an  Army  jungle  boot  coupled  with  a  polyurethane  midsole,  which  is  not  a 
normal  feature  of  the  jungle  boot.  It  was  found  that  the  commercially  available  boots 
tested  superior  to  the  standard  issue  jungle  and  leather  combat  boots  on  impact  tests 
On  the  performance  tests,  greater  shock  absorption  and  lower  power  requirements 
were  obtained  with  the  commercially  available  boots.  These  findings  suggest  that  at 
least  some  commercially  available  boots  embody  characteristics  that  are  superior  to 
those  of  standard-issue  military  boots. 

Nigg  et  al  (14)  found  larger  rear-foot  angles  (inversion)  at  foot  strike  with  the  harder 
midsoles  and  proposed  that  the  angular  differences  associated  with  differences  in  midsole 
hardness  reflected  a  protective  mechanism.  Also,  Clarke,  Frederick  and  Hamill  (2)  found 

-r  ?dS0leS  associated  with  greater  maximum  pronation  and  total  rear-foot  movement, 
c  itt-Gray  (13)  found  that  peak  vertical  ground  reaction  forces  in  a  jump  from  0.72  m  are 
approximately  6  times  body  weight.  Robinson,  Frederick,  and  Cooper  (15)  found  that  the 
rigidity  of  stiffeners  placed  anterior  and  posterior  to  the  lateral  and  medial  malleoli  affected 
the  time  to  complete  an  agility  course.  The  fastest  course  times  were  clocked  when 
basketball  shoes  were  worn,  while  the  slowest  times  were  produced  when  boots  with 
stiffeners  of  the  highest  bending  moment  were  used.  In  Hamill  and  Bensel’s  studv  (9)  the 
footwear  with  the  highest  uppers  (work  boot,  combat  boot,  and  jungle  boot)  produced’the 
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longest  times  to  complete  the  agility  course.  The  longer  time  to  complete  the  agility  course 
may  be  due  to  the  fact  that  the  boots  with  the  highest  uppers  were  heavier,  but  this  was  not 
specifically  reported.  Also,  these  three  boots  produced  more  limited  and  rapid  ankle 

dorsiflexion,  suggesting  the  restriction  on  ankle  motion  inhibited  rapid  changes  in  direction 
and  pace. 

Knapik  et  al.  (11)  conducted  a  study  to  assess  injuries  associated  with  long  road 
marches.  Light  infantry  soldiers  carried  46  kg  a  total  of  20  km.  Twenty  four  percent  suffered 
one  or  more  injuries,  resulting  in  44  days  of  limited  duty.  Foot  blisters  accounted  for  35%  of 
the  total  injuries,  making  it  the  most  common  injury  associated  with  the  march.  Blisters  are 
generally  caused  by  ill-fitting  boots  that  rub  against  the  skin  (1 6). 

Five  prototype  Army  boots  were  fabricated  which  incorporated  some  of  the 
apparently  desirable  features  of  commercial  hiking  boots.  The  experiment  described  in 
this  report  evaluated  the  physiological,  biomechanical,  and  maximal  performance 
responses  of  14  male  soldiers  wearing  the  5  prototype  Army  boots,  2  current-issue 
Army  boots,  and  5  commercial  hiking  boots.  Physiological  evaluation  determined  the 
rate  of  oxygen  consumption  when  volunteers  carried  a  60-lb  backpack  load  while 
walking  in  each  type  of  boot.  Biomechanical  analysis  quantified  gait,  posture,  and 
lower-extremity  joint  forces  and  torques.  Maximal-speed  runs  with  and  without  a  60-lb 
backpack  were  timed  on  both  straight  and  zigzag  400  m  grass  courses.  Comfort  and 
functionality  questionnaires  were  administered  to  the  volunteers  after  they  walked  6 
miles  at  3  mph  over  pavement  and  wooded  trail  in  each  boot-type.  Blisters  and  other 
foot  trauma  were  assessed  post-march.  All  testing  was  performed  at  the  U.S.  Army 
Soldier  Systems  Center  in  Natick,  MA,  and  on  the  roads  and  in  the  forest  of  the  town  of 
Natick,  MA,  from  the  fall  of  1 996  to  the  fall  of  1 997. 

The  60  lb  load  selected  for  this  study  is  supported  by  the  U.S.  Army  field  manual 
on  foot  travel  (Department  of  the  Army,  1990),  which  states  that  up  to  72  lb  may  be 
carried  on  "prolonged  dynamic  operations.”  The  60  lb  backpack  weight  falls  within  a 
range  typical  of  Army  field  operations. 

METHODS 

BOOTS 

Five  different  prototype  boots  were  manufactured  for  this  study  (Figures  1-5). 
They  were  compared  to  the  current-issue  Army  combat  boot  and  the  current-issue 
Army  jungle  boot  (Figures  6  and  7).  In  addition,  5  high  quality  commercial  hiking  boots 
(Figures  8-13)  were  included  in  the  study  to  determine  if  any  of  their  features  might  be 
worthy  of  incorporation  into  future  military  boots,  for  a  total  of  12  different  boots  studied. 

The  12  experimental  boots  were  assigned  identification  numbers  for  the 
experiment.  The  5  prototypes  were  designated  as  boots  1-5.  The  current-issue  Army 
combat  boot  was  designated  as  boot  6.  The  current-issue  Army  jungle  boot  was 
designated  as  boot  7.  The  Montrail  Moraine  was  designated  as  boot  8.  The  Raichle 
Highline  was  designated  as  boot  9.  The  Asolo  AFX  535  was  designated  as  boot  10. 
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Figure  1.  Boot  1  -  Prototype  1 


Figure  2.  Boot  2  -  Prototype  2 


Figure  4.  Boot  4  -  Prototype  4 


Figure  5.  Boot  5  -  Prototype  5 


Figure  6.  Boot  6  -  Current-issue  Army  boot,  commonly  referred  to  as  "Combat  Boot."  Officially  designated  as  Boot 
Combat,  Mildew  and  Water  resistant,  Direct  Molded  Sole. 


Figure  8.  Boot  8  -  Montrail  Moraine 


Figure  9.  Boot  9  -  Raichle  Highline 


Figure  10.  Boot  10  -  Asolo  AFX  535 


Figure  11.  Boot  11  -  Asolo  Meridian 


The  Asolo  Meridian  was  designated  as  boot  1 1,  and  the  Salomon  Adventure  9 

Ultralight  was  designated  as  boot  12.  The  boots  are  referred  to  by  their  numbers 
throughout  this  report. 

It  is  extremely  expensive  to  start  production  of  any  new  boot.  In  a  large 
production  run,  the  initial  costs  are  spread  over  the  entire  run,  so  that  the  cost  per  boot 
is  relatively  low.  Because  a  prototype  run  is  very  limited  in  number,  the  per-boot  cost  is 
extremely  high.  Making  boots  of  different  sizes  multiplies  a  good  part  of  the  cost  To 
avoid  prohibitive  materiel  costs  for  this  study,  the  prototypes  were  made  in  only  one 

size  A  men’s  size  9  in  regular  width  was  selected  because  it  is  a  common  shoe  size  in 
the  United  States.  .  _ _ _ 

The  5  Prototype  Boots  (Boots  1-51 

The  uppers  of  the  5  prototype  boots  were  basically  the  same.  Their  common 
features  include  the  following: 

Last.  All  prototypes  were  made  over  MIL-5  lasts,  the  same  last  system  used  for 
fabrication  of  standard  Army  combat  boots.  However,  the  depth  of  the  last  was 

increased  by  5/32  in,  to  allow  for  the  thickness  of  a  removable  insert  placed  in  the 
boots. 


^PPer-  AH  prototypes  have  an  identical  upper,  which  is  similar  in  design  to  the 
upper  on  the  standard  black  leather  combat  boot.  However,  the  foam  in  the  padded 
collar  on  the  prototypes  is  thicker  than  that  on  the  standard  boot  and  the  collar  cover  on 
the  prototypes  is  a  soft  glove  leather.  The  finished  height  on  a  size  9R  prototype  is  10 
in,  about  1/2  in  shorter  than  the  height  of  the  standard  leather  boot  in  the  same  size  A 
softer  temper  leather  is  used  for  the  upper  of  the  prototypes,  which  is  more  flexible  than 
the  leather  used  in  the  standard  boot.  The  interior  of  the  vamp  of  the  prototypes  is  lined 
with  an  absorbent  material,  Aero-Spacer  Dri-Lex®.  The  standard  leather  combat  boot 
does  not  have  an  interior  lining.  The  prototypes  have  a  two-piece  backstay  and  counter 
pocket.  On  the  standard  boot,  there  is  a  combined  backstay  and  counter  pocket  made 
out  of  one  piece  of  leather. 


Removable  Insert.  There  is  a  molded,  contoured,  polyurethane  insert  with  a 
Cambrelle®  cover  in  all  prototypes  except  #4.  The  insert  is  a  polyurethane  polyether 

molded  directly  to  a  Cambrelle®  top  cloth.  This  is  the  same  insert  used  in  the  standard 
leather  boot. 
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The  soles  of  the  5  prototype  boots  were  all  different.  The 
of  the  soles  of  each  of  the  5  prototype  boots: 


following  are  descriptions 


.  ~  S°!f  of  Prototype  1.  This  prototype  is  flat-lasted  with  a  direct-molded  sole 
construction.  The  sole  design  is  a  modified  version  of  the  present  Army  standard  hot 
weather  boot  sole.  The  sole  incorporates  a  polyurethane  polyether  insert  as  a  "mid- 
heel.  The  properties  of  the  insert  are: 


Thickness:  5/16  in 
Density:  .35  g/cm3 
Hardness:  30  Shore  A  ±  3 

The  insole  is  made  of  a  3/1 6  in  layer  of  25  Shore  A  polyurethane  foam,  cemented 
to  a  four-iron  cellulose  fiber  insole  that  incorporates  a  scrim  cloth  on  the  bottom. 

.. .  IbP  Sole  of  Prototype  2.  This  prototype  is  flat-lasted  with  a  cemented-on  sole. 

has  a  unit  sole  constructed  by  cementing  a  pre-molded  polyurethane  midsole  to  a 
rubber,  pre-molded  cup  outsole.  The  midsole  has  the  following  characteristics: 

Thickness:  1  in  at  back  of  heel,  tapering  off  to  a  point  halfway  toward  the  front  of 
the  sole,  where  the  thickness  is  7/16  in 
Density:  .41  g/cm3 
Hardness:  65-68  Shore  C 


The  insole  is  a  four-iron  leather  insole. 

Ihe  Sole  of  Prototype  3.  This  prototype  is  flat-lasted  with  a  direct-injected 
polyurethane  mid-sole  and  a  pre-molded  high  wall  rubber  cup  tread  outsole.  The 
midsole  is  polyurethane  with  the  following  characteristics: 

Thickness:  From  1/4  inch  at  center  of  foot  to  3/8  inch  at  edqe  of  foot 
Density:  .60  g/cm3 
Hardness:  50  Shore  A  ±  5 


The  insole  is  a  four-iron  leather  insole. 

Itg  Sole  of  Prototype  4.  This  prototype  is  constructed  using  the  Process  82 
Comfort  Welt®  construction.  The  key  feature  of  this  construction  is  the  use  of  a 
previously  attached  welt  to  accomplish  the  lasting  of  the  upper  without  the  need  for  a 
structural  insole.  The  "welt  lasting"  is  performed  on  the  mold  last  itself,  and  once  the 
upper  has  been  formed  over  the  mold  last,  the  sole  is  molded  and  vulcanized  directly  to 

the  welt  and  to  the  lasting  edge  of  the  upper.  In  the  process  of  construction,  a  cavity  is 
tormed  in  the  sole.  } 
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portion  with  a  sock  lining  cover.  The  insert  has  the  following  characteristics:  P 

Sec,ionTunlTheeh  ltorineCti0n  °'  '°0,:  °'48  h  Fr0m  Cen'er  secti°"  ,0  ed9e:  0  24 

Density:  .40  g/cm3 
Hardness:  26  Shore  A 

,  ~.e  So'e  of  Prototype  5.  This  prototype  is  flat-lasted  with  a  direct-molded 
construction.  The  sole  has  a  wedge-shaped  polyurethane  polyether  insert  between  the 
upper  and  lower  portions  of  the  sole.  The  wedge  extends  from  the  heel  to  the  arch  The 
wedge  has  the  following  characteristics:  Ch'  The 

thicknels^y/ll  in'4  *  '**  °' h6e''  'aPerin9 '°  3  P°in' hal,way  ,oward  fran‘  ^ere 

Density:  .35  g/cm3 
Hardness:  30  Shore  A  ±  3 

doth  The  '"fT  .'S  a  ,sandwioh  with  a  bottom  layer  of  four-iron  Texorist®  on  scrim 
imner?  (  T  tw°  1  ayers  of  1/8-|n  Poron®,  with  a  hardness  of  25  Shore  A  The 
upper  layer  of  Poron®  is  cemented  and  stitched  to  a  top  layer  of  Cambrelle®  on  foam. 

The  Current-Issue  Army  combat  boot  /Boot  fi) 

The  official  designation  for  this  boot  is  “Boot,  Combat,  Mildew  and  Water 

resistant.  Direct  Molded  Sole."  The  upper,  which  is  unlined,  is  fabricated  oTctrome 

tanned  grain-out,  cattle  hide  leather,  treated  for  mildew  and  water  resistance  The 

upper  has  a  rigid  toe-box,  made  of  Surlyn®,  a  one-piece,  combined  backstay  and 

counter,  and  a  padded  collar.  The  heel  counter  is  made  of  leattTboald  The  boot 

rtoan  1e  T  IS,f  comblnatio"  of  eyelets  and  closed  loops.  The  rubber  outsole  has  a 

to  the  It9  ,dhesl?n'  d6S'9naled  as  ,he  Trao  Shun®  pattern.  The  outsole  is  direct  molded 
tothe^athcrmsole  using  a  method  of  vulcanization.  A  zinc-coated  steel  shank 

emends  from  the  middle  of  the  heel  through  the  arch  and  ends  just  back  of  the  ball 

c  ot:  „b0°  35  a/em°Vable  Poron®  insert  that  extends  from  heel  to  toe,  made  of 

losed  cell  urethane  foam  with  a  fiberboard  backing. 

The  Current-Issue  Army  iunale  boot  (Boot  7} 

Wot  ”  Jhhe.official  designation  for  this  boot  is  "Boot,  Hot  Weather,  Type  I  Black  Hot- 

fh  T  e/r-f00' part  0f  the  upper  is  lea,her  as  is  the  area  along  the  closure Astern 
The  rest  of  the  upper  is  nylon  Cordura®.  The  entire  upper  on  this  boot  is  unlinedV  Two 
screened  eyelets  are  set  in  the  upper  leather  in  the  medial  side  of  thl  biotin  The  wa^t 
ITT  .  ,Wa!f  dralnaSe-  Nyi°n  tape  (t  inch)  is  on  the  back  of  the  boot 

IcTS  tleTkte  The  1TUT  the  C°"ar'  A  ny'°n  *ape  (2  inCh)  also  runs  diagonally 
across  the  ankle.  The  toe  box  is  same  as  in  the  combat  boot,  as  is  the  heel  counter 

and  Poron®  inert.  A  Panama®  tread  pattern  outsole  is  direct  molded to  t  h  e  leathlr 
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insole.  A  0.28cm  stainless  steel  plate  is  inserted  between  the  leather  insole,  which  is 
split  in  half  and  resewn  around  the  edges.  The  plate  extends  the  entire  length  of  the 
boot.  The  steel  shank  is  same  as  in  the  “combat  boot.” 


The  Montrail  Moraine  (Boot  8) 

This  boot,  formerly  called  the  One  Sport  Moraine,  is  a  high  top  style  made  with 
one  piece  upper  with  a  folded  gusset  and  a  mobile  tongue.  The  upper  material  is  3.0 
mm  waterproof  full  grain  nubuck  leather  and  is  lined  with  Cambrelle®.  The  insole  is 
nylon  fiber  composite,  and  the  boot  is  built  using  rigid  board  lasting  construction.  The 
outsole  is  made  of  Vibram®  1034  with  a  polyurethane  midsole.  The  midsole  and 
outsole  are  molded  onto  the  board  lasted  upper.  This  boot  uses  plastic  toe  and  heel 
counters  and  also  has  a  removable  foam  foot  bed  with  a  Cambrelle®  top  surface. 

The  Raichle  Hiahline  (Boot  91 


This  boot  is  a  high  top  moccasin  toe  style  boot  made  with  a  2.3  mm  full  grain 
nubuck  leather  upper  lined  with  Cambrelle®.  The  tongue  is  gussetted  and  the  lacinq 
system  uses  metal  loops  in  the  fore-foot  and  hooks  in  the  ankle  area.  There  is  a 
removable  three  layer  foot  bed.  The  midsole  is  Raichle’s  Legaro®  polyurethane  with  a 
Pizol®  outsole.  The  outsole  has  a  progressive  rocker  in  the  fore-foot  that  is  a  Raichle 
trademark  feature.  This  rocker  is  a  tapering  of  the  midsole  from  the  ball  of  the  foot  to 
the  toe  end  of  the  sole. 

The  Asolo  AFX  535  (Boot  101 

The  upper  is  made  of  water  repellent,  2.2-2.5  mm,  full  grain  nubuck  with  a  liner 
made  with  brushed  PA  150,  brushed  PA  50,  brushed  nylon  PA  150,  brushed  nylon  PA 
35,  felt  and  Cambrelle®  using  traditional  assembly  methods  for  construction  The  insole 
is  Asoflex®  covered  with  Top  2.  The  outsole  is  Vibram®  Kamen®  with  an  internal 
polyurethane  shock  absorber.  The  lacing  system  uses  traditional  metal,  lacing  loops 
This  boot  has  a  removable  foam  foot  bed. 

The  Asolo  Meridian  (Boot  111 

The  upper  is  made  of  water  repellent,  full  grain  nubuck  and  has  an  inner  lininq 
made  with  brushed  PA  50,  brushed  nylon  PA  150,  brushed  nylon  PA  35  and 
Cambrelle®  using  traditional  assembly  methods  for  construction.  This  boot  uses  a  Bio 
Frame®,  which  is  a  boot  construction  method  incorporating  a  plastic  frame  directly 
molded  to  the  outer  surface  of  the  boot  upper  with  a  specially  formulated  proprietary 
outsole  molded  on  to  the  boot  at  the  same  time.  The  Bio  Frame®  has  a  built-in  ankle 
stabilizer.  The  midsole  of  this  boot  is  polyurethane  foam.  The  sole  is  edged  in  a 
polyurethane  rand  and  has  an  internal  shock  absorber  built  into  the  heel  of  the  boot. 
The  lacing  system  uses  small  pulleys  instead  of  lacing  loops  for  the  fore-foot  section  of 
the  boot  and  the  lacing  around  the  ankle  uses  traditional  lacing  hooks  attached  to  the 
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ends  of  the  ankle  stabilizer  to  allow  the  wearer  to  tighten  the  stabilizer.  This  boot  has  a 
removable  foam  foot  bed. 

The  Salomon  Adventure  9  Ultralight  (Boot  121 

The  upper  is  made  of  waterproofed  2.0  mm  suede  leather  and  polyurethane  coated 
Cordura®  6000  fabric.  The  Inner  lining  is  made  with  a  polyurethane  foam/  nylon  tricot 
laminate  and  the  shank  is  made  of  polypropylene.  The  outsole  is  a  Salomon  Contagrip 
Hiking  Soft®  outsole  with  a  polyurethane  midsole  for  increased  shock  absorption.  The 
lacing  system  is  not  attached  to  the  outer  skin  of  the  boot  and  allows  the  boot  to  be  laced 
snug  to  the  wearers  foot  without  distorting  the  outer  surface  of  the  boot.  This  lacing  system 
allows  the  boot  to  accommodate  feet  of  different  volumes  within  a  given  boot  size.  This  boot 
also  incorporates  a  zippered  lacing  cover  and  a  plastic,  wraparound,  hinged  ankle  stabilizer 
to  provide  lateral  support  and  has  a  removable  foam  foot  bed. 
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Table  1  provides  various  information  about  the  12  experimental  boots. 


Boot 

Boot 

Weighl 

:  per  pair 

He 

sight 

Number 

name 

_ !<g 

lb 

cm 

in 

i 

Prototype  1 

1.63 

3.59 

25.4 

10.0 

2 

Prototype  2 

1.66 

3.65 

25.4 

10.0 

3 

Prototype  3 

1.71 

3.76 

25.4 

10.0 

4 

Prototype  4 

1.55 

3.42 

25.4 

10.0 

5 

Prototype  5 

1.70 

3.74 

25.4 

10.0 

6 

Army 

combat 

1.86 

4.09 

26.0 

10.24 

7 

Army  jungle 

2.01 

4.42 

23.5 

9.25 

8 

Montrail 

Moraine 

1.96 

4.31 

20.1 

7.91 

9 

Raichle 

Highline 

1.63 

3.58 

19.3 

7.60 

10 

Asolo  AFX 
535 

1.45 

3.19 

19.1 

7.52 

11 

Asolo 

Meridian 

1.86 

4.09 

19.6 

7.72 

12 

Salomon 

Adventure 

9  Ultralight 

1.60 

3.58 

23.3 

9.15 
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RESEARCH  VOLUNTEERS 

wore 

£fAHsr 

physically  demanding  jobs  were  represented  as  well.  Table  2  shows  some  basic 
information  about  the  volunteers  including  their  habitual  physical  activity  levels. 

The  principal  investigator  or  an  assisting  investigator  briefed  all  Potential 

'n,0Td  C°nSent  Was  ob'ained  those  wh(f chose  to3 

oHm  te?  '  B®aause  several  the  tests,  such  as  the  6-mile  backpack  hike  were 

un  Gr!d  t0  MCh  volunteer  onlV  once  Per  week,  the  testing  of  all  12  boots  took 
each  volunteer  at  least  12  weeks  of  actual  testing.  There  were  3-5  test  sessions  nl 

wee  .  ypically,  each  test  session  took  1-3  hours,  which  included  testing  waitina  for 
other  volunteers  to  be  tested,  and  resting  between  trials.  9’  9  °f 
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THE  TEST  BATTERY 


„  .  J?ble  ®  Provides  a  summary  of  the  tests  performed  by  volunteers  while  wearino 
each  of  the  12  experimental  boots.  wearing 

Table  3.  The  tests  administered 


Test  Procedure 

unloaded 

with 

60  lb  backpack 

anthropometry 

+ 

rate  of  oxygen  uptake,  3.5  mph  walking 

+ 

. + . 

rate  of  oxygen  uptake,  6.5  mph  running 

+ 

biomechanical  analysis 

+ 

+ 

6  mile  hike 

+ 

400  m  straight  grass  run 

+ 

+ 

400  m  zigzag  grass  run 

+  =  test  ariministorpH 

+ 

+ 

Physical  Performance 

One  of  the  most  critical  factors  to  be  considered  in  evaluating  soldier/equipment 
in  eraction  is  the  effect  of  the  equipment  on  the  performance  of  tasks  by  the  soldier  in 

scenarios  involving  the  preparation  for  and  engagement  in  combat. 

Iimed  4°0  rrj  Grass  Runs.  Because  the  speed  at  which  a  soldier  can  run  can 
greatly  affect  both  his  chances  of  avoiding  injury  on  the  battlefield,  and  the 
effectiveness  of  the  fighting  unit,  timed  400  m  runs  were  included  in  the  testinq  The 
research  volunteers  were  timed  during  maximal-speed  runs  over  a  400  m  grass  course 
and  a  400  m  zigzag  course  while  carrying  and  not  carrying  a  60  lb  backpack  Timinq 
was  accomplished  by  two  experimenters  using  hand-held  stopwatches.  ^ 

Physiology 

Rate  of  Oxygen  Consumption.  For  volunteers  eating  a  normal  mixed  diet  the 
rate  of  oxygen  consumption  is  closely  related  to  the  rate  of  energy  utilization.  Thus  in 

in  then?  thTraT^of ' ^  ^  boots  d'ffer  aa  t0  the  amount  of  energy  required  to  walk  or’ run 
them,  the  rate  of  oxygen  uptake  of  the  volunteers  was  measured  while  they  walked 

on  a  level  treadmill  at  3.0  mph  in  each  of  the  12  test  boots,  both  while  unloaded  and 
while  carrying  a  60  lb  backpack.  They  were  also  tested  while  running  unloaded  at  65 
mph.  The  volunteers  had  to  wear  a  face-mask  or  mouthpiece  by  which  their  expired  air 
was  collected  and  analyzed.  The  custom-made  oxygen  uptake  analysis  system 
incorporated  an  air-flow  meter,  oxygen  analyzer,  carbon-dioxide  analyzer  pulse 
counter,  and  Hewlett-Packard  desktop  computer  and  printer  which  could  determine  and 
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print  out  every  30  seconds  the  rate  of  oxygen  consumption  and  ventilation  per  minute 
expressed  both  in  absolute  terms  and  relative  to  the  individual’s  body  mass.  The 
walking  or  running  duration  per  test  speed  was  about  five  minutes  to  allow  the 
volunteer  to  reach  a  steady-state  oxygen  uptake. 

Biomechanics 


Foot  Contact  Pressure.  The  pressure  on  different  segments  of  the  feet  associated 
with  each  boot  was  measured  by  placing  Tekscan  in-shoe  pressure  sensor  insoles 
(Tekscan,  Boston,  MA)  into  each  boot  between  the  boot  insole  and  the  plantar  surface  of 
the  wearer’s  socked  foot.  The  sensors  were  made  of  thin,  flexible,  Mylar,  on  the  opposite  - 
sides  of  which  lines  of  electro-conductive  ink  were  printed  at  right  angles  to  each  other. 
Because  the  lines  were  spaced  1  cm  apart,  there  was  an  intersection  of  two  crossing  ink 
lines  at  the  center  of  each  square  centimeter  on  each  insole.  The  pattern  of  electro- 
conductive  ink  on  the  sensor  pads  was  such  that  the  sensors  could  be  cut  to  fit  a  variety  of 
shoe  sizes  without  disconnecting  any  of  the  individual  sensors.  Foot  pressure  on  the  pad 
squeezed  the  ink  lines  on  the  opposite  sides  of  the  Mylar  closer  together,  reducing  the 
electrical  resistance  between  them.  Sixty  times  per  second  the  computer  monitored  the 
electrical  resistance  at  each  square  centimeter  on  the  pad.  Software  converted  the 
electrical  resistances  to  actual  pressures  based  on  initial  calibration  of  the  system. 


The  computerized  Tekscan  analysis  system  was  used  to  determine  the  skin  contact 
pressures  on  different  segments  of  the  foot  as  the  volunteers  walked  with  each  of  the 
different  boots  at  3.5  mph.  The  video  and  force  plate  data  collection  was  synchronized  with 
the  Tekscan  data  collection  through  the  use  of  a  common  triggering  switch.  Foot  contact 
pressures  were  expressed  as  both  the  array  average  (the  mean  of  all  individual  sensor 
values  including  those  which  recorded  zero  pressure  for  each  pad  over  the  entire  stride) 
and  as  the  array  maximum  (the  maximum  individual  sensor  value  recorded  for  each  pad 
over  the  entire  stride).  A  custom-written  computer  program  determined  the  time  of  heel- 
strike  and  toe-off  from  the  Tekscan  in-shoe  sensor  data.  The  data  from  each  stance  was 
extracted  from  the  rest  of  the  trial,  and  stance  time  was  taken  as  the  difference  in  time 
between  heel  strike  and  toe  off. 

For  the  purpose  of  analysis,  the  Tekscan®  data  was  partitioned  into  6  separate  foot 
sections:  (1)  rear  medial  foot,  (2)  rear  lateral  foot,  (3)  mid  medial  foot,  (4)  mid  lateral  foot 
(5)  medial  fore-foot,  and  (6)  lateral  fore-foot.  The  border  between  the  medial  and  lateral  foot 
segments  was  taken  as  the  midline  of  the  foot.  The  rear-foot  was  defined  as  the  rear  33% 
of  foot  length.  The  mid-foot  was  defined  as  the  next  22%  of  foot  length.  Fore-foot  was 
defined  as  the  remaining  45%  of  the  foot  including  the  toes.  For  each  percentage  of  stance, 
the  maximum  pressure,  average  pressure  and  standard  deviation  of  the  pressure  within 
each  section  of  the  foot  was  calculated.  In  addition,  the  peak  pressure  for  each  section  over 
the  entire  stride  and  the  percent  of  stance  at  which  the  peak  pressure  occurred  was 
calculated. 
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Kinematics  and  Kinetics.  Both  without  a  load  and  while  carrying  a  60  lb 
backpack,  the  volunteers  walked  at  3.5  mph  across  a  force  platform,  within  the  field  of 
view  of  six  Qualisys  (Glastonbury,  CT)  cameras  while  walking  in  each  of  the  12 
different  boots.  They  were  also  monitored  while  running  without  a  load  at  6.5  mph  in 
each  of  the  boots.  Biomechanical  analysis  of  the  camera  data  was  performed  using 
both  Qualisys  and  custom  software. 

During  the  biomechanical  testing,  volunteers  wore  the  standard  Army  physical 
training  uniform,  consisting  of  gray  T-shirt  and  shorts  with  combat  boots.  Spherical 
reflective  markers  approximately  one  inch  in  diameter  were  affixed  to  the  skin  (or  boot) 
using  double  sided  tape.  Markers  were  placed  on  the  right  side  of  the  body  at  the  base 
of  the  5th  metatarsal,  lateral  malleolus  of  the  ankle,  lateral  femoral  condyle  of  the  knee, 
greater  trochanter  of  the  hip,  acromion  process  of  the  shoulder,  zygomatic  arch  of  the 
head,  lateral  epicondyle  of  the  elbow,  and  the  radial  styloid  process  of  the  wrist.  In 
order  to  detect  rear-foot  motion,  two  markers  were  placed  on  the  dorsal  surface  of  the 
calf  in  line  with  the  Achilles  tendon,  and  two  other  markers  were  placed  on  the  rear  of 
the  shoe,  vertically  bisecting  the  heel  area  from  a  rear  view. 

Volunteers  walked  along  a  level,  15-foot  walkway  at  3.5  mph  paced  by  a  custom- 
built  system  that  cued  the  volunteer  to  the  appropriate  walking  speed  with  a  striped 
cord  moving  at  3.5  miles/hr  located  next  to  the  walkway.  Neither  a  rifle  nor  other 
weapon  was  carried.  An  electronic  timing  device  (Brower  Timing  Systems,  Salt  Lake 
City,  UT)  insured  that  volunteers  walked  across  the  force  plate  at  3.5  miles/hr +5%. 
Trials  during  which  the  walking  speed  was  not  between  2.85  miles/hr  and  3.15  miles/hr 
were  discarded,  and  the  trial  was  repeated.  The  same  system  was  used  to  ensure 
precision  of +5%  in  running  speed  during  the  6.5  mph  run  trials.  A  video  motion 
analysis  system  (Qualisys,  Glastonbury,  CT)  using  six  cameras  recorded  the  body 
movements  of  the  volunteers  in  three  dimensions  as  they  crossed  a  force  plate  (AMTI, 
Newton,  MA)  embedded  flush  with  the  floor.  The  sampling  frequency  of  the  cameras 
was  60  Hz.  The  force  plate  recorded  the  ground  reaction  forces  as  the  volunteers 
stepped  on  the  plate.  The  sampling  frequency  of  the  force  plate  was  1 ,000  Hz.  Three 
trials  were  conducted  for  each  experimental  condition.  The  unloaded  and  loaded 
walking,  and  unloaded  running  conditions  for  each  boot  were  all  tested  in  a  single 
session,  with  the  volunteers  resting  between  trials  as  needed  and  having  a  15-min  rest 
break  after  each  block  of  trials. 

Under  the  assumption  of  bilateral  symmetry,  segmental  movement  data  for  the 
left  side  of  the  body  was  generated  by  phase  shifting  the  right  side  data  by  180°.  A  12- 
segment  model  of  the  human  body  was  constructed  (two  feet,  two  shanks,  two  thighs, 
two  forearms,  two  upper-arms,  a  trunk  and  a  head),  and  the  mass  inertial  properties  of 
the  segments  were  taken  from  estimates  given  by  Dempster  (4).  A  custom-written 
software  program  performed  a  standard  link  segment  analysis  frame-by-frame  for  a 
single  stride.  The  single  stride  selected  for  analysis  was  centered  on  the  point  when  the 
right  foot  struck  the  force  plate.  The  stride  was  defined  as  that  portion  of  the  gait  cycle 
from  the  point  in  time  at  which  the  right  foot  crossed  in  front  of  the  left  leg  to  the  point  in 
time  at  which  the  right  foot  next  crossed  in  front  of  the  left  leg.  The  custom  program 
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C?«Ul?-?d  the  location  of  the  body  center  of  mass  as  described  by  Winter  (18)  and 
P  otted  its  coordinates  for  each  frame  of  video  data.  The  program  also  deJermined 

!ppp?  er9th’  St.nde  freqUenCy’  and  body  segment  displacements,  velocities  and 

usSCrne  f°rCeS  ^ the  ank,G’  knee’  and  hip  j°ints  were  caIcu'ated 

f.  Jhe, trunk  anqle  was  defined  as  the  acute  angle  between  the  trunk  segment  and 
me  vert cal  axis.  For  a  subject  facing  towards  the  right,  the  trunk  angle  is  posiHve 

measured  c|ockwise  from  the  vertical  and  negative  measured  counter-clockwise  from 
“S'  ™e,hiP  a"9<®  was  defined  as  the  angle  on  the  ventral  side  of  the  body 
between  the  thigh  segment  and  the  plane  defined  by  the  segment  connecting  -right  and 

1^1  fth  k  h6IrUnk  Se9ment  The  knee  anq,e  was  defined  as  the  angle  on  the  dorsa, 
dpffnfdp!  th°dy  batween, the  th,9h  and  shank  segments,  and  the  ankle  angle  was 

segments  ^  ^  6  °n  ^  VGntral  S'de  °f  the  b°dy  between  the  shank  and  foot 

Rear-foot  angle  was  defined  as  the  rear-view  deviation  in  degrees  between  the 
line  formed  by  the  2  markers  in  line  with  the  subject’s  Achilles  tendon  and  the  2 
markers  vertically  bisecting  the  shoe  heel  area,  with  a  negative  angle  indicating 
supination,  and  a  positive  angle  pronation.  g 

Because  the  duration  of  a  single  stride  varied  across  subjects,  it  was  necessarv 
to  normalize  the  differing  time  scales  to  allow  for  the  direct  comparison  of  the  timing  of 
events  wrthm  he  gait  cycle  across  subjects.  This  was  accomplished  by  expressed  the 
time  course  of  all  the  biomechanical  variables  as  a  percentage  of  the  stride  cycle. 

Jump  landing  tests  were  conducted  with  the  volunteer  wearing  the  same  set  of 
rmrkers  as  used  during  the  walking  and  funning  biomechanical  tests.  A  24  inch  high 
wooden  box  was  placed  adjacent  to  the  force  platform.  The  unencumbered  volunteer 
stood  atop  the  box  in  an  upright  position.  Upon  signal  from  an  experimenter  the 
volunteer  stepped  straight  out  over  the  force  platform  and  dropped  to  its  surface, 
o  unteers  were  specifically  instructed  to  neither  jump  upwards  nor  downwards  when 

duZ^/shcV 3  k  rath.er  *°  !!eP  S'rai9h'  °Ut  and  dr°P'  allowin9  knees  to  flex 
during  the  shock  absorption  phase  of  landing,  and  achieving  an  upright  position  on  the 
platform  without  bouncing  up  and  down.  position  on  the 

Comfort  and  Injury  Risk  Assessment 

thn  C0mf0  n  ®nd  injury  Production  of  eacb  Of  the  boots  was  assessed  by  having 

he  volunteers  walk  6  miles  in  each  pair  of  boots  while  carrying  a  60-lb  backpack  9 

6  mNpShWT  j  u-td  blisters’  hot  sP°ts>  and  any  other  foot  trauma  resulting  from  the 
ftS  %b  |kpaCk  hlk6'  The  volunteers  walked  in  a  group  and  were  paced  at  3  mph  The 
Thl/ih  m,les  wa®  on  Paved  road.  after  which  the  volunteers  rested  for  10  minutes 
hey  then  entered  a  forest  and  walked  3  miles  on  a  moderately  hilly  wooded  trail  After 
another  10-m,nute  res,,  they  walked  1.5  miles  back  to  the  stalg  poW.  Folto^gtach 
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hike  the  volunteers’  feet  were  examined  for  blisters  and  chafing  of  the  skin.  The 
oiunteers  filled  out  a  questionnaire  concerning  boot  comfort  (Appendix  A). 

EXPERIMENTAL  DESIGN  AND  ANALYSIS 

A  balanced-order  experimental  design  was  used  to  ensure  that  none  of  the 
boots  was  more  likely  than  any  of  the  others  to  be  tested  earlier  or  later  in  the  subjects’ 
multi-week  testing  period,  thereby  avoiding  order  effects  due  to  learning,  physical 

2wav  ANOVA^hat  In  ^  TheJ ;tatistical  analysis  for  each  variable  involved  a 

2-way  ANOVA  that  looked  at  the  main  effects  of  boot  (12  levels)  and  load  (2  levels)  as 

well  as  boot-load  interaction.  When  an  ANOVA  identified  a  boot  main  effect,  a  Duncan 

post-hoc  test  was  performed  to  identify  significant  differences  between  boots. 

ENVIRONMENTAL  IMPACT 

USARIEM'^SA^rtnH9  fw™s*u<tywere  C°ndUCted  ind°°rS  and  °Utdoors  a< 
USARIEM,  USASSC  and  on  Natick  public  streets,  roads,  and  recreational  land  after 

securing  permission  from  town  authorities.  The  study  involved  little  or  no  airborne 

emission,  waterborne  effluent,  external  radiation,  outdoor  noise,  or  solid  bulk  waste 

?AR  ?nn’9thr  T by  COm,P'yin?  with  existin9  federal<  state-  anc*  local  laws  and  regulations 
(AR  200-2  Categorical  Exclusion  A-1 1 ).  y 

The  field  tests  and  road  marches  were  conducted  with  1 4  military  and  civilian 
volunteers  from  USARIEM  and  USASBCC.  All  lived  at  the  existing  barracks  at  USASSC 
or  in  their  habitual  residences  in  and  around  the  town  of  Natick,  MA.  Neither  the  livinq 
arrangements  nor  the  experimental  activities  had  a  significant  impact  on  the  9 
environment  (AR  200-2  Categorical  Exclusion  A-1 9) 
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RESULTS 


In  all  the  tables  in  this  section,  statistically  significant  differences  between  the 
boots  are  indicated  by  superscripted  letters.  Variable  means  for  boots  not 
superscripted  with  the  same  letter  are  significantly  different.  This  notation  does  not 
apply  to  differences  across  conditions,  as  in  walking  in  the  loaded  vs.  unloaded 
condition. 

PHYSICAL  PERFORMANCE 
Timed  400  m  Grass  Runs 

Table  4  shows  that,  on  the  straight  grass  400  m  course,  there  was  no  significant 
difference  among  the  boots  as  to  run  time  without  a  load.  While  means  differed  by  as 
much  as  5%,  the  standard  deviations  were  too  large  for  the  differences  to  be 
significant.  However,  there  were  significant  differences  in  run  time  when  the  60  lb 
backpack  was  carried.  Boot  3  produced  the  fastest  mean  time,  while  boots  5,  7,  8,  11, 
and  12  produced  the  slowest  times. 
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Table  4.  Run  times  (s)  for  400  m  straight  grass  course,  mean  (SD) 


Boot 

number 

With  no  load 

With  60  lb  backpack 

1 

98.38  a 

1 28.30  a'b 

(10.29) 

(12.16) 

O 

99.16a 

130.92 a,b 

c 

(8.63) 

(9.83) 

Q 

97.74  a 

1 25.45 b 

O 

(9.42) 

(10.79) 

A 

96.57 a 

1 28. 1 8 a,b 

*T 

(9.52) 

(10.41) 

c; 

97.1 3  a 

131 .20 a 

o 

(5.70) 

(10.58) 

99.69 a 

1 29.46  a'b 

u 

(9.02) 

(11.14) 

7 

99.15’ 

132.5* 

(5.67) 

(8.87) 

8 

100.68* 

131.31 a 

(7.57) 

(6.96) 

Q 

98.16a 

1 28.22  a'b 

a 

(9.57) 

(10.16) 

10 

99.25  a 

1 28.08  a'b 

(9.30) 

(10.52) 

ii 

98.87’ 

1 32.32 a 

(9.19) 

(11.40) 

12 

98.59  a 

131.50’ 

(8.03) 

(9.07) 

different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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On  the  400  m  zigzag  course  (Table  5),  there  were  no  significant  run  time 
differences  among  the  boots  when  the  60  lb  pack  was  carried.  However,  without  the 
pack,  boots  5  and  12  produced  the  fastest  run  times,  while  boot  6  produced  the  slowest 
times.  There  was  a  significant  boot  by  load  interaction  because  not  all  of  the  boots  the 
same  run  time  increases  when  the  load  was  added.  Boots  3  and  9  showed  the  smallest 
run  time  increases  when  the  load  was  added. 


Table  5.  Run  times  (s)  for  400  m  zigzag  grass  course,  mean  (SD) 


Boot 

number 

With  no  load 

With  60  lb  backpack 

1 

116.93  a,b 

148.80 a 

(6.86) 

(10.74) 

2 

119.20  ab 

150.86 a 

(7.12) 

(8.20) 

3 

118.66  a’b 

143.84 a 

(7-11) 

(10.92) 

4 

116.97  a  b 

150.12  a 

(5.94) 

(12.52) 

5 

116.29  b 

148.02 a 

(6.00) 

(14.44) 

6 

121.05  a 

148.67* 

u 

(5.65) 

(9.97) 

7 

11 8.63* 6 

148.29  a 

(8.71) 

(10.83) 

8 

1 20.07 “ 

149.38  a 

(6.3) 

(10.29) 

Q 

1 18.74 a,b 

1 46. 1 6 a 

\j 

(6.12) 

(9.51) 

10  i 

118.84“ 

147.12  a 

(7.43) 

(11.41) 

11 

120.06“ 

150.3* 

(7.09) 

(10.11) 

12 

11 6.74 6 

147.89  a 

(6.25) 

(10.65) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots. 
There  was  a  significant  (p<0.05)  boot  by  load  interaction. 
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PHYSIOLOGY 

Rate  of  Oxygen  Consumption 


There  were  significant  differences  among  the  boots  as  to  rate  of  oxvaen 
consumption  relative  to  body  mass  during  unloaded  walking,  walking  with  the  60  lb 
pack  and  unloaded  running  (Table  6).  For  unloaded  walking,  boot  10  produced  the 
lowest  rate  of  oxygen  consumption,  while  boot  5  produced  the  highest  rate  of  oxvaen 
consumption.  For  walking  with  the  60  lb  backpack,  boot  12  produced  the  lowest  rate  of 
oxygen  consumption,  while  boot  5  again  produced  the  highest  rate  of  oxvaen 
consumption.  For  uploaded  running,  boot  12  again  produced-the  lowest  rate  of  oxygen 
consumption,  while  boot  6  produced  the  highest  rate  of  oxygen  consumption  '  V9 


Boot 

number 

Unloaded  walking 
at  3.0  mph 

..  .  viwuvu  wuuy  1 1  icioo  ( |  | 

Walking  with  60  lb 
backpack,  at  3.0  mph 

iimy/minj,  mean  (SU) 

Unloaded  running 
at  6.0  mph 

1 

15.96  a'b 

22.05  ab 

40.99  a,b’° 

(1.77) 

(3.61) 

(1.88) 

2 

15.73  a'b'c 

21.77  a  b 

40.77  a'b'° 

(1.79) 

(3.51) 

(2.35) 

3 

15.44  c,d,e 

21.05° 

40.48  ° 

(1.83) 

(3.13) 

(2.25) 

4 

15.73 ab,c 

21.79  a  b 

41.39  aA° 

(2.08) 

(3.41) 

(1.75)  I 

5 

16.05  a 

22.26  a 

41.5  a'b 

(1.88) 

(3.28) 

(2.56) 

6 

15.69a,b,c 

21.41  b'° 

41.67  a 

_ (1.84) _ 

(3.40) 

(2.19) 

7 

15.99  a,b 

21.96  a'b 

41 .00  a'b'° 

(1.87) 

(3.60) 

(1.95) 

8 

15.70  a'b'° 

21.51  blC 

41.12  a’b'° 

(1.91) 

(3.52) 

(2.38) 

9 

15.14de 

20.92° 

_  2 _ _/ _ _ 

40.9  a,b'° 

(1.96) 

(3.02) 

(2.56) 

10 

15.06e 

21.01  c 

40.60  b'° 

(1.58) 

(3.19) 

(2.49) 

11 

15.53  b'c'd 

20.89  ° 

40.69  a'b'° 

(1.60) 

(3.20) 

(2.60) 

12 

15.15de 

19.98  d 

38.78  d 

Different  lett< 

(1.85) 

inrlirptp  Qinnifi^ant  r 

(3.63) 

_ l  _  4 

(2.7) 

conditions. 
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Table  7  shows  the  rate  of  oxygen  consumption  relative  to  body-plus-load  mass 
during  unloaded  walking,  backpack  load  carriage,  and  unloaded  running.  The  similarity 
in  the  means  between  the  unloaded  and  loaded  walking  conditions  show  that  the 
increase  in  oxygen  consumption  during  load  carriage  is  in  direct  proportion  to  the 
increase  in  load  above  body  weight.  In  the  previous  table,  rate  of  oxygen  consumption 
was  divided  by  body  mass  of  the  volunteer  with  shorts  and  T-shirt  but  no  shoes  In  this 
table,  rate  of  oxygen  consumption  is  divided  by  mass  of  the  body-plus-load,  including 
clothing  and  footwear.  That  is  why  the  values  for  unloaded  walking  and  running  in  this 
table  are  slightly  less  than  in  the  previous  table.  For  unloaded  walking,  boot  10 
produced  the  lowest  rate  of  oxygen  consumption  relative  to  body-plus-load  mass,  while 
boot  5  produced  the  highest  rate  of  oxygen  consumption.  For  walking  with  a  60  lb 
backpack,  boot  12  produced  the  lowest  rate  of  oxygen  consumption  relative  to  body- 
plus-load  mass,  while  boot  5  produced  the  highest  rate  of  oxygen  consumption.  For 
unloaded  running,  boot  12  produced  the  lowest  rate  of  oxygen  consumption  relative  to 
body-plus-load  mass,  while  boot  6  produced  the  highest  rate  of  oxygen  consumption. 


Table  7.  Rate  of  oxygen  consumption  relative  to  body-plus-load  mass  (ml/kq/min) 
mean  (SD) _ _ _ ' _ _  a  h 


Boot 

number 

Unloaded  walking 
at  3.0  mph _ 

Walking  with  60  lb 
backpack  at  3.0  mph 

Unloaded  running 
at  6.0  mph 

1 

15.63  a 

15.74  a’b 

40.14  a'b 

(1.73) 

(2.43) 

(1.80) 

2 

15.41 ab 

15.55  a'b 

39.94  b 

(1.73) 

(2.35) 

(2.28) 

3 

15.14 bc 

15.04° 

39.70  b 

(1 .77) 

(2.07) 

(2.20) 

4 

15.44 ab 

15.57  a’b 

40.64  a,b 

_ (2-01) 

(2.24) 

(1.63) 

5 

15.71  a 

15.89  a 

40.63  a’b 

(1.83) 

(2.18) 

(2.46) 

6 

15.36ab 

15.28  b’° 

40.89  a 

(1.75) 

(2.24) 

(2.12) 

7 

15.69  a 

15.70*’6 

r  40.21  a’b 

(1.82) 

(2.46) 

(1.86) 

8 

15.36a,b 

15.34 b,c 

40.24a,b 

(1.84) 

(2.40) 

(2.26) 

9 

14.84  c 

14.98° 

40.09a,b 

(1-90) 

(2.04) 

(2.49) 

10 

14.79° 

15.03° 

39.86  b 

(1.53) 

(2.16) 

(2.39) 

11 

15.15 bc 

14.87'-0 

39.77  b 

(1.55) 

(2.05) 

(2.48) 

12 

14.86° 

14.41  d 

38.37  ° 

Pi  if  fo  ro  n  t  1/^+1 

(1.79) 

_ _ .  j.  /_  r\ 

(2.37) 

(1-94) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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BIOMECHANICS 


jn-Shoe  Pressure  Sensing  Purina  Walking  With  and  Without  a  Load 

in  regard  to  maximum  pressures  on  the  rear  medial  foot  (Table  8),  the  results  for 
unloaded  and  loaded  walking  at  3.5  mph  were  similar.  Boot  7  produced  the  lowest  " 
pressures,  while  boots  10  and  12  produced  the  highest  pressures.  The  significant  boot  bv 
load  interaction  occurred  because,  when  the  load  was  added,  not  all  the  boots  increased 
maximum  pressure  on  the  rear  medial  foot  equally. 

Table  8.  Maximum  pressure  (psi)  on  rear  medial  foot  during  a  full  stride  (psi),  and  its  time  of 

occurrencp  l°L  nf  <3triHo\  u/hilo  \a/o ll/in/-*  O  ET  , - - /orv\  '  ^ 


Boot 

number 

-r  ( - — - — -  '  J  — 

No  load 

■■■j-'iij  muuii 

60  lb  load 

psi 

%  of  stride 

psi 

%  of  stride 

1 

40.3  1 
(8.2) 

18.4b,c,d 

(4.6) 

38.2  *'d 
(6.8) 

20.0  °'d 
(5.1) 

2 

43.4 

(11.1) 

18.9  a'b'c 
(4.5) 

41 .2  c,d 
(10.7) 

20.5  b'd'd 
(3.9) 

3 

42.6  eJ 
(11.3) 

17.4  a" 
(5.1) 

40.8  d'd 
(9.7) 

22.1  * 

(9.2) 

4 

42.1e,f 

(10.2) 

1 9.1a,b 
(4.2) 

37.6  d'e 
(8.8) 

q  a,bfc,d 

(3.4) 

5 

40.6 ' 
(11.6) 

18.0  b,d4'e 
(3.4) 

38. 9d 
(10.4) 

20.4  b,c'd 
(3.8) 

6 

41 .3  0-1 
(14.4) 

18.0b'c,d,e 

(5.2) 

41.4c,d 

(13.8) 

20  2c'd 
(3.8) 

7 

36.3  9 
(12.7) 

17. 0e 
(4.2) 

35.2'* 

(9.8) 

20.6  b'°'d 
(4.0) 

8 

50.0  b'c 
(13.7) 

17.6c,d,e 

(2.7) 

47.4  b 
(9.8) 

19.6d 

(3.6) 

9 

45.5  d'e 
(15.0) 

17.6 c,d,e 
(3.7) 

43.9° 

(12.8) 

20.3  d4 
(4.2) 

10 

53.6  *'b 
(14.5) 

17.6 c,d,e 
(4.0) 

53.6  ■ 
(11.8) 

2  -j  q  a,b,c,d 

(4.0) 

11 

49.4  d4 
(17.3) 

17.3  d,e 
(3.7) 

48.1  b 
(14.2) 

21 .5a,b,c 

(5.1) 

12 

54.9  ■ 
(21.4) 

_ _  i  _  •  • 

20.0* 

(5.0) 

50.9 ab 
(18.5) 

21.9  *'b 
(3.9) 

- -  uiiiufttnuu^  Deiween  Doots 

There  was  a  significant  (p<0.05)  boot  by  load  interaction  for  both  maximum  pressure  and  the 
time  of  occurrence  K  Ul"e 
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In  regard  to  maximum  pressures  on  the  rear  lateral  foot  (Table  9)  boots  1  anH  o 
produced  the  lowest  pressures  without  a  load,  while  boots  8, 10  and  12produced1he 
highest  pressures  During  loaded  walking,  boots  1, 2, 4,  and  7  produced  the  lowest 
pressures,  while  boot  10  produced  the  highest  pressures.  The  significant  boot  bv  load 
interaction  occurred  because,  when  the  load  was  added,  not  all  the  boots  increased 
maximum  pressure  on  the  rear  lateral  foot  equally.  increased 

Table  9.  Maximum  pressure  (psi)  on  the  rear  lateral  foot  during  a  full  stride  (psi)  and  its 
ime  of  occurrence  (%  of  stride)  while  walking  at  3.5  mph,  mean  (SD) 


No  load 


60  lb  load 


number 

psi 

%  of  stride 

psi 

%  of  stride 

.  39.3 d 

(9.8) 

18.1  ,,B,C 
(5.4) 

36.9  6 
(7.6) 

20.3  •■oc 
(4.5) 

2  39. 7d 

(10.5) 

17.7  b'c 
(4.5) 

37.2  e 
(10.8) 

20.8  a’b'° 
(8.6) 

o  44.2  b’c 

(11.6) 

16.8  c 
(4.7) 

41.7  c,d 
(10.1) 

21.8  a'b 
(9.3) 

4  41 ,90,d 

(11.1) 

18.7a,b 

(4.5) 

36.8  e 
(9.7) 

20.5 

(3.8) 

cn 

^  ii 

— L  • 

to 

CL 

17.9  b'e 
(4.1) 

38.8d,e 

(9.0) 

20.2  b,c 
(3.5) 

6  41.3c,d 

(13.5) 

17.3b'c 

(5.5) 

41 .8  °'a 
(13.4) 

19.6b,c 

(4.0) 

7  40.8  °’d 

(11.9) 

17.3 1,0 
(5.9) 

38.2* 

(9.0) 

22.8* 

(15.4) 

8  49A  * 
(13.1) 

17.6 b,c 
(2.6) 

46.4  *'b 
(9.2) 

1 9.3b,c 
(3.7) 

g  46.9  a’b 

(13.8) 

17.0° 

(3.6) 

44.7  b'° 
(11.4) 

18.6* 

(4.5) 

as  ^ — s. 

CD  ^ 

O  T“ 

ID  O 

O 

17.3b,c 

(3.7) 

49.2* 

(8.1) 

19.8b,c 

(4.2) 

u  48.0  a'b 

(20.0) 

16.8C 

(3.7) 

45.7  b 
(16.2) 

21 .9  a,b 
(10.0) 

12  49.2 a 

(15.9) 

19.4" 

(4.9) 

44.3 b|C 
(12.0) 

21 .0  a,b,c 
(5.1) 

"'Uiucue  signmcant  (p<0.05)  differences  between  boots 
here  was  a  significant  (p<0.05)  boot  by  load  interaction  for  maximum  pressure 
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thn  i  re9ard  t0  maximum  pressures  on  the  mid  medial  foot  (Table  1 0),  boot  6  produced 

o^h  h6S  iCreSSKfeS  W'th0Ut  3  l0ad’  While  b00t  12  Produced  the  highest  pressures.  Durinq 
loaded  walking,  boot  3  produced  the  lowest  pressures,  while  boots  4,  7, 1 1 ,  and  12 

produced  the  h|ghest  pressures.  The  significant  boot  by  load  interaction  occurred  because 
footequallyad  ***  added’  n0t  ^  *****  'nCr&aSed  maximum  Pressure  on  the  mid  medial 

sWde  <N).  and  its 


_  No  load 

Boot 

60  lb  load 

number 

psi 

%  of  stride 

psi 

%  of  stride 

4.90c'd’e'f 

15.8e,f 

5.05b,c 

25.3d,e,f 

(8.3) 

(17.7) 

(5.1) 

(21.7) 

2  2.94e,f 

15.7  e'f 

3.92b,c 

23.7e,f'9 

(4.4) 

(19.9) 

(4.1) 

(19.0) 

o  2.63  e’f 

12.9  f 

2.91c 

17.0  9 

(3.3) 

(16.7) 

(2.8) 

(15.2) 

4  8.64a,b 

24.9b,c,d 

8.12  a 

27.3  c'd>e'f 

(8.6) 

(15.3) 

(6.2) 

(17.2) 

5  5.16 cde 

32.8  a,b 

5.20b,c 

43. 4a 

(6.7) 

(35.0) 

(3.4) 

(33.8) 

6  2‘44' 

12.3f 

4.18 b,c 

19.1 f,s 

(4.5) 

(19.5) 

(8.4) 

(20.8) 

,  7.33  b,c 

30.7 1,6 

8.05a 

35.2b,c 

(10.1) 

(28.5) 

(9.6) 

(27.6) 

o  4.03  e'f 

19.6 13,6,1 

5.40  b'c 

32.7b,c,d 

(7.1) 

(25.0) 

(6.8) 

(29.9) 

q  4.74  d’e'f 

28.5  *,6,° 

5.70  b 

32.6  b,c,d 

(4.6) 

(22.7) 

(4.4) 

(22.5) 

10  3,40 

21 .0c,d,e 

3.60b,c 

26.8  d'e'f 

(3.6) 

(20.5) 

(3.3) 

(22.7) 

u  6.60 b,c,d 

25.9b,c,d 

8.62  a 

29.5c,d,e 

(7.2) 

(19.3) 

(11.2) 

(18.2) 

12  10.06a 

34.2  a 

8.13* 

40.4  a’b 

(14.2) 

(32.6) 

(11.8) 

(30.7) 

Different  letters  indicate  significant  (p<0.05)  differences  between 

There  was  a  significant  (p<0.05)  boot  by  load  interaction  for  both 
time  of  occurrence 


boots 

maximum  pressure  and  its 
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In  regard  to  maximum  pressures  on  the  mid  lateral  foot  (Table  11),  boot  6  produced 
the  lowest  pressures  without  a  load,  while  boot  8  produced  the  highest  pressures.  During 
loaded  walking,  boot  4  produced  the  lowest  pressures,  while  boot  2  produced  the  highest 
pressures.  The  significant  boot  by  load  interaction  occurred  because,  when  the  load  was 
added,  not  all  the  boots  increased  maximum  pressure  on  the  mid  lateral  foot  equally. 

Table  11.  Maximum  pressure  (psi)  on  the  mid  lateral  foot  during  a  full  stride  (psi),  and  its 
time  of  occurrence  (%  of  stride)  while  walking  at  3.5  mph,  mean  (SD) 

Boot  No  load  60  lb  load 

number  "1  1  “I  “ 


psi 

%  of  stride 

psi 

%  of  stride 

1 

16.4 

(6.6) 

48.5  c’d 
(20.9) 

14.2  d-° 
(6.1) 

57.0  b'c 
(21.9) 

2 

20.3  b 
(12.4) 

41.3  d 
(19.9) 

20.5  * 
(11.5) 

50.1  Cld 
(24.0) 

3 

1 6.2  d,d 
(7.7) 

47.3c,d 

(23.0) 

14.0  d'e 
(6.6) 

52.3  c'd 
(24.4) 

4 

16.1d,e 

(7.8) 

33.8  e 
(18.3) 

12.3  e 
(5.2) 

34.6  e 
(22.2) 

5 

17.1  c'd,e 

(6.9) 

49.3  d 
(22.7) 

15.1  d 
(7.3) 

53.7  c’d 
(24.7) 

6 

14.6* 

(6.1) 

50.6 blC 
(20.3) 

13.2d,e 

(5.4) 

47. 6d 
(22.4) 

7 

16.7 

(9.1) 

45.3  c'd 
(22.0) 

15.3d 

(8.5) 

50.8 Cld 
(22.4) 

8 

23.3  a 
(9.9) 

57.8 a 
(20.5) 

20.3  4b 
(7.0) 

63.0a,b 

(20.3) 

9 

19.1  b’c'd 
(9.0) 

50.2  b'c 
(20.4) 

17.9  c 
(8.3) 

50.5  c’d 
(25.3) 

10 

-|  ^  c*d>e 

(7.8) 

57.2  a'b 
(20.8) 

15. 2a 
(6.4) 

64.6* 

(18.0) 

11 

19.7b'° 

(10.4) 

50.3b,c 

(23.7) 

CO  JO 

T— 

61.2  a'b 
(20.9) 

12 

20.9 ab 
(10.9) 

63.0 a 
(23.0) 

1 9.5  abc 
(10.9) 

66.0  a 
(21.5) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 

There  was  a  significant  (p<0.05)  boot  by  load  interaction  for  both  maximum  pressure  and  the 
time  of  occurrence 
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In  regard  to  maximum  pressures  on  the  medial  fore-foot  (Table  12),  boot  1  produced 

loaded  wii?-reSShret  ^lth0LJt  a  load’  while  boot  2  P^uced  the  highest  pressures.  During 
loaded  walking,  boot  1  produced  the  lowest  pressures,  while  boot  12  produced  the  hiahest 

pressures  The  significant  boot  by  load  interaction  occurred  because,  when  the  load  was 
added,  not  all  the  boots  increased  maximum  pressure  on  the  medial  fore-foot  equally. 

Table  12.  Maximum  pressure  (psi)  on  the  medial  fore-foot  during  a  full  stride  (psi)  and  its 


Boot 

number 

No  load 

w-u  m  ipi  i,  ii  i^ai  i  \^du ) 

60  lb  load 

psi 

%  of  stride 

psi 

%  of  stride 

1 

49.0  1 
(12.2) 

89.2  *'b'c 
(4.0) 

46.0“ 

(10.8) 

88.7  b'“ 

(4.5) 

2 

64.5  a 
(22.9) 

90.8“ 

(4.8) 

55.0  ,bc 
(15.6) 

89.8  a  b 
(4.6) 

3 

58.7a,b,c 

(14.9) 

88.3b,c,d 

(7.5) 

52.3  b,c'd 
(11.6) 

88.8  b'c 
(6.2) 

4 

55.1  c'd'e 
(16.6) 

87.3  d 
(4.7) 

51.5  b,c-d 
(14.1) 

87.5“'d 

(5.0) 

5 

52.3  d'e'f 
(15.8) 

88.3b,c,d 

(4.8) 

48.8  d'“ 
(14.3) 

88.8  b'c 
(4.8) 

6 

57.3  b'°’d 
(16.5) 

87.60,d 

(6.3) 

55.8“'b 

(13.5) 

86.3d 

(5.3) 

7 

59.7  a'b,c 
(17.0) 

88.1  “•d 
(5.0) 

55.5'a,b 

(14.2) 

88.1  blC 
(4.7) 

8 

55.3  °'d'e 
(24.8) 

90.1  a 
(4.5) 

50.3  c'd'“ 
(19.3) 

88.3b,c 

(8.5) 

9 

55.4  c'd'e 
(18.8) 

90.8* 

(4.8) 

55.5  a'b 
(19.7) 

90.8 " 

(4.6) 

10 

52.6  U',J 
(18.0) 

89.9  *'b 
(3.8) 

54.1  ab'“ 
(15.5) 

89.8  a'b 
(3.7) 

11 

49.5  *■' 
(17.3) 

89.1  a’b’c 
(7.1) 

47.7  d'a 
(14.9) 

89.1 blC 
(4.6) 

12 

62.3  a,b 
(29.4) 

i.  _  * •  r  • 

89.8  a,b 
(4.3) 

57.8 a 
(21.3) 

89.6  a'b 
(4.6) 

- ~  - umertjnu es  ueiween  DOOtS 

time'D/wcurrence03"’  te°'°5)  b°°'  ^  in,eraolion  ,or  both  maximum  pressure  and  the 
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In  regard  t0  maximum  pressures  on  the  lateral  fore-foot  (Table  13),  boot  8  produced 
the  lowest  pressures  without  a  load,  while  boots  3,  4,  and  6  produced  the  hiqhest 
pressures  .During  loaded  walking,  boot  8  again  produced  the  lowest  pressures,  while  boot 
6  produced  the  highest  pressures.  The  significant  boot  by  load  interactions  occurred 

lateralfore-fcrot  eqUl^  “*“■  ^  *"  *"  b°°,S  in°reaSed  maximUm  Pressure  #>e 
to of  *•*>  4-0.  and  its 


Boot 

No  load 

60  lb  load 

number 

psi 

%  of  stride 

psi 

%  of  stride 

1 

41.5  ca 
(11.5) 

83.0*'1 

(5.2) 

39.1  6 
(9.0) 

84.1 blC 
(4.0) 

2 

43.1  b’c 
(13.0) 

84.5  c’d’e 
(4.5) 

40.3d,e 

(10.3) 

83.7  b,c 
(4.7) 

3 

52.1  a 
(15.7) 

83.1  6,1 
(4.1) 

46.8  b 
(12.8) 

83.0  c 
(8.1) 

4 

51. 8a 
(16.0) 

85.0b,c 

(3.9) 

46.6  6,0 
(12.4) 

84.4  b'c 
(4.1) 

5 

46.2 b 
(14.9) 

84.4  0,46 
(3.1) 

43.0  °'d 
(13.5) 

84.5  b'c 
(3.4) 

6 

51. 4a 
(16.0) 

82. 6f 
(4.8) 

50.8  a 
(14.9) 

83.5b,c 

(4.0) 

7 

46.7  b 
(19.6) 

83.2  d'*J 
(5.2) 

46.8  b 
(17.0) 

84.0  b’c 
(4.8) 

8 

34.0  1 
(10.5) 

83.6  446,1 
(5.6) 

32.8  f 
(9.8) 

84.1b,c 

(5.2) 

9 

40.1  0,46 
(12.6) 

87.2" 

(4.1) 

40.2  46 
(11.7) 

86.6 a 
(3.3) 

10 

38.2  d,e 
(15.8) 

86.1a,b 

(5.4) 

37.3 e 
(13.2) 

86.5  a 
(3.6) 

11 

36.5  6,1 
(14.3) 

84.2c,d'e 

(4.8) 

37.5* 

(11.3) 

84.1  40 
(4.4) 

12 

44.0 b,c 
(17.0) 

84.7b,c'd 

(4.0) 

46.1 b>c 
(17.3) 

84.6 b 
(4.0) 

Miuiucue  bignmcani  (p<u.ub)  differences  between  boots 
Ime  ZacouarrinnceCam  (P-°'°5)  b°0t  by  '°ad  in'eraC,i°n  '°r  b°lh  maXimum  and  the 
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pssSSSSE?ES?!;slKi:- 

lowest  sum-of-pressures  without  a  load,  while  boots  4  htahe^ the  , 

bp:,r^^ 
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Table  15  shows  the  maximum  sum  of  the  Tekscan®  pressure  readinqs  at  all  of  the 
measurement  points  on  the  sensor  pad  beneath  the  fore-foot  (includes  medial  and  lateral 
fore-foot  regions),  as  an  indication  of  the  total  force  on  the  fore-foot.  Boots  2  3  8  9  10 
and  1 1  produced  the  lowest  sum-of-pressures  on  the  fore-foot  without  a  load,  while  boot  5 
produced  the  highest  sum-of-pressures.  During  loaded  walking,  boots  8  and  10  produced 
the  lowest  sum-of-pressures,  while  boots  4,  5,  and  12  produced  the  highest  sum-of- 
pressures. 

Table  15.  Maximum  sum-of-pressure  (psi)  and  time  to  maximum  sum-of-pressure  (%  of 

QtriHo\  at  thn  _ *  ^  i-  _ .  r  V  /u 


Boot 

No  load 

60  lb  load 

number 

Peak 

Pressure 

%  of  Stride 

Peak 

Pressure 

%  of  Stride 

1 

4785. 3ab 
(1018.2) 

73.8a 

(16.3) 

4917.5a,b 

(843.5) 

77.7a,b 

(9.1) 

2 

471 6. 7b 
(1299.1) 

73. 9a 
(15.3) 

4951. 6a'b 
(1095.6) 

76.6a,b 

(9.4) 

3 

4699. 9b 
(1251.8) 

70. 0a 
(17.8) 

4891. 0a'b 
(1043.5) 

74.0b,c 

(12.5) 

4 

5052. 7a,b 
(1638.2) 

70.3“ 

(19.1) 

5185.53 

(1247.8) 

77.7a,b 

(8.3) 

5 

521 2. 6a 
(1283.2) 

75.0* 

(14.4) 

5229. 9a 
(1159.1) 

79.3* 

(3.1) 

6 

5008. 6a,b 
(1371.7) 

73. 0a 
(17.6) 

4957. 8a,b 
(1411.7) 

74.3b,c 

(12.7) 

7 

5012.1a,b 

(1402.1) 

C0  "■  >s 

cd  t'-’ 

4962. 8a,b 
(1230.6) 

74.5b,c 

(13.0) 

8 

4707. 0b 
(1341.8) 

74.9" 

(14.9) 

4644. 8b 
(1094.8) 

72.1° 

(16.2) 

9 

4637. 0b 
(1364.9) 

75. 7a 
(13.7) 

5019. 1a,b 
(1279.6) 

75.6a,b,c 

(14.3) 

10 

4672. 2b 
(1061.6) 

70. 8a 
(20.6) 

4738. 5b 
(973.3) 

76.9a,b 

(9.4) 

11 

4672. 7b 
(1274.0) 

72. 7a 
(17.2) 

4968. 3a,b 
(1240.9) 

75.0b'° 

(14.8) 

12 

4917.0a,b 

(1586.3) 

70.4a 

(19.9) 

5159.3a 

(1345.2) 

76.4a,b 

(11.1) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Center  of  pressure  is  the  defined  as  the  x  and  y  coordinates  on  the  force- 
platform’s  surface  of  a  hypothetical  point  at  which  the  actual  force  of  the  foot  on  the 
ground  could  be  exerted  and  produce  the  torque  about  the  platform  origin  actually 
produced  by  the  forces  of  the  foot  distributed  over  its  entire  ground  contact  surface.  For 
someone  walking  at  a  given  speed,  a  faster  peak  velocity  of  the  foot  center  of  pressure 
suggests  that  the  boot  makes  the  foot  plantarflex  rapidly,  with  the  sole  slapping  the 
ground.  Therefore,  a  faster  peak  velocity  of  the  foot  center  of  pressure  may  be 
considered  less  desirable.  Table  16  shows  that  for  unloaded  walking  at  3.5  mph,  peak 
velocity  of  the  foot  center  of  pressure  was  lowest  for  boots  5,  7,  8,  10,  1 1 ,  and  12  and 
highest  for  boots  2  and  3.  For  walking  with  the  60  lb  load,  peak  velocity  of  the  foot 
center  of  pressure  was  lowest  for  boot  7,  and  highest  for  boots  2,  3,  and  4. 

Table  16.  Peak  velocity  (m/s)  of  foot  center  of  pressure  while  walkinq  at  3  5  moh 
mean  (SD)  ' 


Boot  no. 

No  load 

60  lb  load 

1 

0.780b'° 

0.745b'° 

(0.273) 

(0.210) 

2 

0.885a 

0.814a 

(0.354) 

(0.253) 

3 

0.922a 

0.831a 

(0.391) 

(0.300) 

4 

0.865ab 

0.834a 

(0.288) 

(0.263) 

5 

0.728° 

0.704b,c,d 

(0.309) 

(0.212) 

6 

0.867a,b 

0.771  a'b 

(0.448) 

(0.282) 

7 

0.729° 

0.658d 

(0.256) 

(0.181) 

8 

0.759° 

0.696°’d 

(0.303) 

(0.212) 

9 

0.779b'° 

0.740b'° 

(0.279) 

(0.189) 

10 

0.724° 

0.727b'° 

(0.293) 

(0.222) 

11 

0.701° 

0.693°,d 

(0.190) 

(0.165) 

12 

0.730° 

0.703b,c,d 

(0.231) 

(0.174) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Motion  Analysis  of  Unloaded  and  Loaded  Walking 


jCjpematic8.  Greater  vertical  and  front-back  acceleration  of  the  body  center-of-mass 
while  walking  (Table  17)  is  likely  less  desirable  because  it  reflects  jarring  of  the  bodv 
and  is  usually  associated  with  higher  forces  on  the  body.  In  regard  to  vertical  V 
acce  eration  during  unloaded  walking,  boot  1  produced  the  lowest  vertical  maximum 
acceleratfon  while  boot  6  produced  the  highest.  As  to  front-back  acceleration  durinq 
unloaded  walking,  boots  5  and  7  produced  the  lowest  acceleration,  while  boot  6  9 

E?.uUued. the  highest-  Lookin9  at  vertical  acceleration  of  the  body  during  carriaqe  of  a 
backpack,  boot  1 1  produced  the  lowest  acceleration  while  boots  6  and  7 
produced  the  highest.  There  was  no  difference  among  the  boots  as  to  front-back 
acceleration  during  walking  while  carrying  a  load. 

Table  17.  Maximum  vertical  and  front-back  acceleration  (m/s2)  of  the  body  center-of- 

ITIP .CtQ  \A/hilo  \A/a  I Lrinr'i  o  +  Q  CZ  _ _ /r\r-w  ^ 


Boot 

number 

No  load 

t 

60  lb  load 

Vertical 

Front-back 

Vertical 

Front-back 

1 

5.79° 

(1.61) 

4.5 1** 
(1.92) 

6.58a,b 

(3.92) 

3.61a 

(1.09) 

2 

6.56*'bx 

(3.11) 

4.20a,b 

(1.94) 

5.77a,b 

(2.08) 

3.71a 

(1.37) 

3 

6.27a'b,c 

(2.51) 

3.99a,b 

(1.27) 

5.72a,b 

(2.43) 

3.88a 

(1.41) 

4 

6.19a,bx 

(1.64) 

4.09a,b 

(1.54) 

5.52a,b 

(1.57) 

4.29a 

(1.94) 

5 

6.81 abc 
(3.82) 

3.87b 

(1.43) 

5.87a,b 

(1.83) 

4.29a 

(2.07) 

6 

7.82a 

(4.28) 

5.11a 

(1.95) 

6.91a 

(3.64) 

4.49a 

(1.81) 

7 

7.59a,b 

(4.14) 

3.82b 

(1.33) 

6.79a 

(3.34) 

4.25a 

(2.13) 

8 

6.42a,b,c 

(3.54) 

4.69a,b 

(2.72) 

6.30"b 

(5.12) 

4.42a 

(1.61) 

9 

6.81a,b,c 

(3.15) 

4.56a,b 

(4.37) 

5.58a,b 

(1.66) 

4.50a 

(2.54) 

10 

6.09b,c 

(2.55) 

3.99a,b 

(1.44) 

6.71  a'b 
(4.63) 

4.31a 

(1.68) 

11 

6.34a'b,c 

(3.43) 

4.30a,b 

(2.96) 

5.23b 

(1.16) 

3.86a 

(1.26) 

12 

6.30a,b,c 

(2.21) 

4.79a,b 

(3.61) 

s.si16 

(1.48) 

4.02a 

(2.37) 
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It  IS  difficult  to  place  a  value  judgement  on  stride  length  during  walking  at  3  5 
mph  (Table  18).  While  a  greater  stride  length  can  contribute  to  a  higher  top  speed 
there  is  no  apparent  advantage  of  a  longer  stride  length  during  walking  at  submaxi’mal 
speed.  During  the  tests  of  unloaded  walking,  boot  4  produced  the  longest  stride  lenath 
while  boot  7  produced  the  shortest  stride  length.  Under  the  60  lb  backpack  load  boots’ 

10  and  1 1  produced  the  longest  stride  length,  while  boot  5  produced  the  shortest  stride 
length. 

Table  18.  Stride  length  (m)  while  walking  at  3.5  mph,  mean  (SD) 


Boot 

number 

No  load 

60  lb  load 

1 

1 ,60a,b,c 
(0.15) 

1 ,58a,b,c 

(0.11) 

2 

1.61“' 

(0.10) 

1 .59a,b,c 
(0.08) 

3 

1 ,60a,b,c 
(0.08) 

1 .60a,b 
(0.08) 

4 

1.63a 

(0.09) 

1 .59",b,c 

(0.11) 

5 

1 ,59a,b,c 
(0.12) 

1.55“ 

(0.21) 

6 

1.59a,b'c 

(0.09) 

1 ,59a,b,c 

(0.11) 

7 

1.58c 

(0.08) 

1 ,58ab,c 
(0.09) 

8 

1 .58b,c 
(0.09) 

1 ,58a,b'c 
(0.13) 

9 

1 .61a,b,c 

(0.09) 

1.60ab 

(0.10) 

10 

1 .62a,b 
(0.10) 

1.61“ 

(0.10) 

11 

1 .60a,b,c 
(0.09) 

1.61a 

(0.09) 

12 

1 .61 a  b,c 
(0.10) 

1 ,56b,° 
(0.16) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Generally,  the  percentage  of  the  stride  under  double  support  (Table  1 9)  usually 
increases  with  the  amount  of  weight  carried  (Martin  and  Nelson,  1986).  This  means  that 
both  feet  are  concurrently  on  the  ground  a  greater  percentage  of  the  time.  The 
adjustment  is  considered  desirable  because  double  support  spreads  the  load  over  two 
feet,  thereby  improving  balance  and  reducing  the  forces  and  torques  experienced  bv 
each  leg  individually.  On  the  other  hand,  increased  time  in  double  support  generally 
means  a  shorter  stride  and  greater  energy  cost.  These  linked  phenomena  are  * 
evidenced  by  the  fact  that  boots  1  and  7,  which  produced  the  greatest  time  in  double 
support  without  a  load,  also  produced  high  rates  of  oxygen  consumption  (Table  6) 
while  boot  10,  which  produced  the  lowest  double  support  percentage,  evidenced  the 
lowest  rate  of  oxygen  consumption. 

A  similar  pattern  emerged  for  walking  with  the  60  lb  backpack.  Boot  5  which 
produced  the  greatest  time  in  double  support,  evidenced  both  the  shortest  stride  length 
(Table  1 8)  and  the  highest  rate  of  oxygen  consumption.  Boot  9,  which  produced  the 
least  time  in  double  support,  also  evidenced  a  relatively  long  stride  length  and  low  rate 
of  oxygen  consumption. 


47 


Table  19.  Double  support  duration  (%  of  stride)  while  walking  at  3.5  mph,  mean  (SD) 


UUUl 

number 

No  load 

60  lb  load 

1 

13.3* 

(6.6) 

14.9** 

(2.5) 

2 

12.9*'b 

(2.1) 

14.7*'b,c 

(2.1) 

3 

12  1  a,k,c 

(i,8) 

13.8b,c 

(2.1) 

4 

12.5*,b,c 

(1.8) 

14.4b,c 

(2.0) 

5 

12.9a,b 

(2.7) 

15.8* 

(5.7) 

6 

12.8a,b 

(2.1) 

14.6b,c 

(2.7) 

7 

13.4* 

(2.1) 

14.8*,b,c 

(2.1) 

8 

1 2.5*'b,c 
(2.6) 

14.6b'c 

(3.3) 

9 

1 1 ,6b,c 
(1.6) 

13.6° 

(2.09) 

10 

11.3* 

(1.8) 

1 3.9b,c 
(2.3) 

11 

1 2  2a,b,c 

(1.9) 

13.9b,c 

(1.7) 

12 

1 2  2a,b,c 

(1.4) 

14.9a,b 

(3.9) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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It  is  interesting  to  note  in  Table  20  that  boot  4  produced  the  lowest  values  for 
both  minimum  and  maximum  knee  angles  during  both  unloaded  and  loaded  walking. 
That  means  that  the  knee  was  never  fully  straightened  and  went  through  the  stride  in  a 
more  bent  position.  In  addition,  for  both  loaded  and  unloaded  walking,  boot  4  showed 
the  greatest  knee  range  of  motion.  These  phenomena  together  suggest  somewhat  of  a 
“Groucho”  walk.  The  knees  bent  to  the  least  extent  in  boots  9  and  1 0  under  both  the 
unloaded  and  loaded  conditions.  The  knees  straightened  the  most  in  boots  2,  3,  and  5 

for  unloaded  walking  and  in  boots  5,  7,  and  11  during  loaded  walking. 


Table  20.  Knee  angle  (deg)  while  walking  at  3.5  mph,  mean  (SD) 


No  load 

i — 1 - *  vw,-v 

60  lb  load 

Boot 

no. 

Minimum 

Maximum 

Range 

Minimum 

Maximum 

Range 

1 

112.8“ 

(5.3) 

175.7*'“ 

(3.1) 

62.8“'“ 

(5.0) 

112.4°“ 

(4.4) 

175.0*'“'° 

(2.8) 

62.6*'“ 

(4.5) 

2 

114.3“'“ 

(6.8) 

176.0* 

(2.4) 

61 .6“'°'“ 
(5.8) 

1 14.1a’b,c,d 
(7.1) 

175.5“'“ 

(2.5) 

61.3“'“ 

(5.6) 

3 

113.9“'“ 

(7.3) 

176.1“ 

(2.4) 

62.1“'° 

(5.9) 

113.7“'“'° 

(7.2) 

175.5“'“ 

(2.5) 

61.8“ 

(5.9) 

4 

108.7° 

(4.2) 

173.1“ 

(2.8) 

64.3“ 

(3.5) 

108.0' 

(4.4) 

172.3d 

(2.5) 

64.3“ 

(4.1) 

5 

113.9“'“ 

(5.5) 

176.0“ 

(2.7) 

62.1“'° 

(4.9) 

1  -|4-2a,b,c,d 
(5.7) 

175.6“ 

(2.8) 

61.4“'“ 

(5.2) 

6 

110.5“ 

(3.3) 

174.3c,d 

(3.0) 

63.8*'“ 

(2.4) 

111.6“ 

(4.6) 

174.8*'“'“ 

(3.0) 

63.1“'“ 

(3.7) 

7 

113.4“ 

(4.3) 

175.9“ 

(3.3) 

62.5“'° 

(4.0) 

1 13.0c,d,e 
(4.5) 

175.7“ 

(3.7) 

62.7“'“ 

(4.9) 

8 

114.5*'“ 

(6.3) 

175.0a,b,c,d 

(3.5) 

60.5“'' 

(4.9) 

114.8“'“'° 

(7.4) 

173.4c,d 

(10.6) 

58.6° 

(11.7) 

9 

115.7“ 

(5.4) 

174.5“’c,a 

(2.8) 

58. 89 
(4.4) 

115.4*'“ 

(5.1) 

174.6*'“'“ 

(2.8) 

59. 2d 
(4.4) 

10 

115.7* 

(3.3) 

175.0“'“'“’° 

(2.4) 

59.49'1 

(3.8) 

116.0* 

(3.8) 

175.1“’“'“ 

(2.6) 

59. 1d 
(3.6) 

11 

1 13.9a,b 
(4.6) 

175.3a,b'c 

(2.3) 

61.4°'* 

(4.0) 

1 13.7b,c,d 
(4.8) 

175. 7a 
(2.5) 

62. 0b 
(4.8) 

12 

114.2“'“ 

(5.1) 

1  In  4!  AniA 

173.9°'“ 

(2.4) 

59.79'1 

(5.0) 

114.1*'“'“'° 

(4.8) 

173.6b,c,d 

(2.9) 

59.4c,d 

(4.5) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Table  21  shows  that  the  ankle  angle  during  unloaded  walking  closed  down  the 
most  (became  smallest)  for  boot  1 1  and  closed  down  the  least  for  boots  1,3,7,  and  8 
During  loaded  walking,  the  ankle  angle  closed  down  the  most  (became  smallest)  for 
boot  12  and  closed  down  the  least  for  boots  1 , 3,  4,  and  8.  The  range  of  ankle  motion 
during  unloaded  walking  was  the  smallest  for  boot  8  and  the  largest  for  boots  6  and  9. 
During  loaded  walking,  the  range  of  ankle  motion  was  the  smallest  for  boot  8  and  the 
largest  for  boots  7  and  9. 


Table  21.  Ankle  angle  (deg)  while  walking  at  3.5  mph,  mean  (SD) 


60  lb  load 


Boot 

number 


.  No 

load 

Minimum 

Range 

107.7a 

24.6b,c 

(4.79) 

(4.4) 

1 06.8a,b,c 

23.9b,c,d 

(6.07) 

(3.8) 

108.7a 

24.-|b'c’d 

(6.10) 

(5.6) 

1 07.2a,b 

25.2a,b 

(5.84) 

(3.4) 

1 06.8a,b,c 

23.9b,c,d 

(6.89) 

(5.8) 

1 06.6a,b,c 

26.5* 

(3.08) 

(4.4) 

108.5a 

25.3a,b 

(3.88) 

(4.2) 

108.3a 

22.7d 

(5.33) 

(3.3) 

1 05. 1 b,c 

26.4* 

(4.70) 

(4.1) 

1 06.7a,b,c 

23.9b,c,d 

(5.96) 

(2.5) 

104.6° 

23.3c,d 

(4.09) 

(3.4) 

104.8b,c 

24.5b,c 

(6.00) 

(5.3) 

Minimum  Range 


107.5a 

(4.70) 


106.93’ 

(6.75) 


106.8a,b 

(2.73) 


1 07.2a,b 
(3-25) 

1 08. 0a 
(5.47) 


1 04.6b,c,d 
(4.85) 


106.5a,b,c 

(5.90) 


23.3c,d  104.2c,d 

(3.4)  (4.46) 

24.5b,c  1 03. 2d 

(5-3)  (7.45) 


Different  letters  indicate  significant  (p<0.05)  differences  between 


23.8 

(3.3) 


27.7* 

(4.3) 

25.0c,a 

(3.8) 


26  5«.b,° 

(3.0) 

27. 1 a,b 
(6.8) 


boots 
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ii»  — ces  and  Torques.  It  is  apparent  that  higher  forces  on  the  body  durinq 
walking  are  more  likely  to  produce  injury  than  lower  forces.  Therefore,  the  forces 
experienced  by  the  major  lower  body  joints  are  an  important  measure  of  a  boot’s 
effectiveness  Table  22  shows  the  maximum  forces  on  the  ankle,  knee  and  hip  while 
walking  at  3.5  mph  both  with  and  without  a  load.  During  unloaded  walking  boot  8 
produced  the  lowest  forces  on  all  3  joints,  and  boot  4  the  highest  forces  Durinq 
walking  with  the  60  lb  backpack,  boots  1  and  8  produced  the  lowest  joint  forces  while 
boot  1 1  produced  the  highest  joint  forces.  ’  le 
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During  walking,  the  heel  is  the  foot’s  first  point  of  contact  with  the  ground  (Chan 

fnth  k  wS’  f4i  Hu?hes  and  Jacobs’  1979)-  The  forces  transmitted  from  the  ground 
to  the  body  at  heel-strike  are  typically  the  highest  forces  on  the  body  durinq  the  entire 

stride,  and  are  transmitted  up  the  body  through  the  skeletal  system.  Therefore  an 
important  measure  of  a  boot’s  effectiveness  is  the  degree  to  which  it  can  attenuate  the 
forces  at  heel-strike.  Table  23  shows  maximum  heel-strike  forces  during  walks  at  3  5 
mph  both  with  and  without  a  load.  It  can  be  seen  that  the  vertical  forces  are  much 
higher  than  the  braking  forces,  and  are  thus  more  relevant  to  the  issue  of  a  boot’s 
effectiveness  for  preventing  injury.  During  unloaded  walking,  boot  8  produced  the 
lowest  vertical  heel-strike  forces,  as  it  did  for  forces  at  the  ankle,  knee  and  hip 
described  above;  boots  4  and  12  produced  the  highest  vertical  heel-strike  forces 
During  walking  with  the  60  lb  backpack,  boots  1  and  6  produced  the  lowest  vertical 
heel-strike  forces,  while  boot  1 1  produced  the  highest  vertical  heel-strike  forces  just  as 
it  produced  the  highest  forces  at  the  ankle,  knee,  and  hip  described  above. 


Boot 

number 

No  load 

. .  nipu,  nice 

60  lb  load 

Vertical 

Force 

Braking 

Force 

Vertical 

Force 

Braking 

Force 

1 

965.5b,c,d 

(84.5) 

183.2*'“ 

(29.7) 

1274.8d 

(76.4) 

254. 0a 
(42.2) 

2 

980.7ab 

(102.4) 

183.4a,b 

(30.6) 

1304.7a,b,c'd 

(87.9) 

260.6a,b,c 

(47.3) 

3 

963.9b,c,d 

(95.0) 

178. 0a 
(26.9) 

1292.7b,c,d 

(105.4) 

273.2b,c,d 

(38.6) 

4 

991. 3a 
(103.8) 

B 

1298.4a,b,c,d 

(111.5) 

265.0a,b,c,d 

(50.8) 

5 

967.2blC'a 
_ (7373) 

179. 8a 
(28.6) 

1321 .9ab 
(75.9) 

268.0a’b,c,d 

(46.2) 

6 

947. 14' 
(81.8) 

181.3* 
_ (31.3) 

1278.3d 

(77.5) 

273.7bc,d 

(41.4) 

7 

956.8c,ae 

(76.9) 

176.3* 
_ (27.5) 

1281 .9cd 
(70.1) 

256. 7ab 
(39.9) 

8 

937.4' 

— .(70-4) 

179.9* 

(27.7) 

1285.5c,d 

(69.2) 

268.8a,b,c,d 

(33.2) 

9 

967.9b,c,d 

(89.0) 

1 84.3a,b 
(33.8) 

1295.2a,b,c,d 

(95.1) 

273.9bc,d 

(48.4) 

10 

960.7bc,d 

(103.5) 

174.7a 

(28.6) 

1314.4a,b,c 

(101.7) 

282. 5d 
(40.8) 

11 

971 .5a,b,c 
(101.3) 

180.9a 

(32.6) 

1327.0a 

(105.6) 

278.3cd 

(36.6) 

12 

1^4.4. _ : 

991.4* 

04.7) 

186.3*'b 

(318) 

1305.8*,b,c,d 

(91.7) 

257.3*'“ 

(48.1) 

differences  between  boots 
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{ ls  more  difficult  to  place  a  value-judgement  on  maximum  push-off  force  (Table 
24)  than  on  maximum  heel-strike  force.  It  is  clear  that  lower  heel-strike  force  is 
desirable  because  it  results  in  less  shock  to  the  body  as  the  heel  strikes  the  ground 
However,  low  push-off  force  may  not  be  as  desirable  because  it  translates  into  reduced 
acceleration.  Thus  the  benefit  of  lower  maximum  push-off  force  is  reduced  force 
transmitted  through  the  musculoskeletal  system,  but  the  drawback  may  be  reduced 
ability  to  accelerate  the  body.  Under  the  no-load  condition,  boot  8  produced  the  lowest 
maximum  vertical  push-off  forces,  while  boots  4,  6,  and  12  produced  the  highest  such 
forces.  Under  the  60  lb  backpack  load,  boots  4,  8,  and  10  produced  the  lowest 
maximum  vertical  push-off  forces,  while  boots  6  and  12  produced  the  highest  such 
forces.  As  to  propulsive  forces,  under  the  no-load  condition,  boot  8  again  produced  the 
lowest  maximum  push-off  forces,  while  boot  4  produced  the  highest  such  forces.  Under 
the  60  lb  backpack  load,  boot  8  again  produced  the  lowest  maximum  propulsive  push- 
off  forces,  while  boots  3-7  produced  the  highest  such  forces. 

Table  24.  Maximum  push-off  force  (N)  while  walking  at  3.5  mph,  mean  (SD) 


No  load  60  lb  load 


number 

Vertical 

Force 

Propulsive 

Force 

Vertical 

Force 

Propulsive 

Force 

1 

925.7a,b,c 

(102.5) 

174.7b,c 

(25.7) 

1241 .8b,c'd,e 
(104.0) 

233.8a,b 

(32.8) 

2 

920.6a'b,c 

(95.5) 

174. 5b° 
(24.8) 

1236.3d,e 

(101.3) 

231 .2ab 
(33.9) 

3 

923.3a,b,c 

(88.5) 

171.7bc,d 

(25-2) 

1261 .0a,b,° 
(97.3) 

234. 7a 
(27.7) 

4 

936. 2a 
(94.2) 

182.5a 

(30.8) 

1230.9° 

(93.0) 

236. 8a 
(29.6) 

5 

921 .8a,b,c 
(83.3) 

1 73.9b,c 
_ (26.6) 

1240.8c,d,e 

(97.4) 

236. 7a 
(39.9) 

6 

931. 7a 
(105.8) 

176.2“ 

(27.9) 

1269.83 

(92.0) 

239. 0a 
(25.4) 

7 

928.7a’b 

(101.6) 

173.0b'° 

(28.6) 

1257.0a,b,c,d 

(112.7) 

236. 1a 
(30.1) 

8 

874. 2d 
(84.5) 

141.2s 

_ (22-9) 

1227.0° 

(95.1) 

200. 0d 
(28.5) 

9 

909.3° 

(90.4) 

168.5c,d,e 

(17.2) 

1247.5b’c,d'e 

(99.0) 

232.0a,b 

(20.0) 

10 

912.2b'° 

(101.3) 

163.2"' 

(19.6) 

1227.4° 

(105.1) 

216.8° 

(33.2) 

11 

912.0b'° 

(113.0) 

159.6' 

_ (29.1) 

1262.8a,b 

(118.6) 

219.6° 

(32.9) 

12 

934.8a 

(99.9) 

165.5d,e’’ 

(30.3) 

1271.6° 

(121.7) 

225.0b’° 

(44.1) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Rear-foot  Angular  Motion.  Excess  rear-foot  motion  during  walking  is 
considered  undesirable  because  when  the  ankle  pronates  or  supinates  excessively, 
potentially  injurious  torques  in  the  frontal  plane  are  transmitted  up  the  leg  to  the  knee 
and  hip.  Table  25  shows  that  boots  1, 3,  9,  and  12  did  not  produce  any  supination  at  all 
during  unloaded  walking,  while  boot  5  produced  the  most  supination.  During  loaded 
walking,  only  boots  1  and  9  did  not  produce  any  supination,  while  boot  5  again 
produced  the  most  supination. 


A  negative  angle  indicates  supination,  while  a  positive  angle  indicates  pronation 
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for  lou/frXn!fSr!IVetPr°nati0i  dUr'ng  Walking  or  runnin9  is  considered  a  major  risk  factor 
produced  the  loa  \  ,nJury-  Table  26  shows  that  during  unloaded  walking,  boots  4  and  5 
P  '  d  f,h  lefsut  Pr°nation,  while  boot  8  produced  the  most.  During  loaded  walkino 

boot  5  produced  the  least  pronation,  while  boot  8  produced  the  most  9’ 


1  Boot 

number 

No  load 

))  Willie?  vvaimuy  cu  o.D  mpn,  r 

60  lb  load 

1 

15.06bc 

14.93a,b,c 

:  (5.37) 

1  (5.71) 

2 

15.48a,b,c 

15.89a,b 

_ 

(9.19) 

(11.02) 

3 

13.03c,d 

13.49a,b,c,d 

_ 

(6.56) 

(7.01) 

4 

11.10d 

10.61d,e 

(6.46) 

(7.57) 

5 

1 1 .24d 

9.869e 

(4.48) 

(3.27) 

6 

13.34a 

12.21 c,de 

(8.59) 

(5.70) 

7 

13.80c,d 

12.54b,c,d,e 

_ 

(6.29) 

(5.75) 

8 

18.39a 

1 6.47a 

(8.82) 

(8.11) 

9 

17.12*'b 

15.84*'b 

_ 

(8.11) 

(7.89) 

10 

15.30a,b'c 

14.95a,b,c 

(6.19) 

(6.95) 

11 

1 3.01 c,d 

12.60b'c,d,e 

(5.39) 

(5.54) 

12 

14.39b,c,d 

14.42a,b,c 

P)  iff o  ro  ro  f  i  i 

(6.67) 

(7.46) 

mean  (SD) 


- -  uinerences  Detween  boots 

A  negative  angle  indicates  supination,  while  a  positive  angle  indicates  pronation 
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Table  27  shows  the  average  rear-foot  angle  during  walking.  Because  a  positive 
angle  means  pronation,  and  a  negative  angle  supination,  it  can  be  seen  that,  on 
average,  the  foot  was  in  a  pronated  position.  However,  during  both  loaded  and 
unloaded  walking,  the  foot  was  least  pronated  in  boot  5,  less  than  1  degree.  The  foot 
was  most  pronated,  about  7  degrees,  in  boots  8  and  9. 


Table  27.  Average  rear-foot  angle  (deq) 

while  walking  at  3.5  mph 

Boot 

number 

No  load 

60  lb  load 

1 

6.41a,b,c 

5.49a,b,c 

(3.97)  ■; 

(4.79)  ' 

2 

5.00b,c,d 

491a,b.c,d 

(7.23) 

(9.372) 

3 

5  30a,b,c,d 

4.07c,d 

(4.406) 

(4.08) 

4 

4.28c,d 

2.63d,e 

(5.038) 

(4.74) 

5 

0.69e 

0.61e 

(4.22) 

(4.30) 

6 

3.62d 

3.79c,d 

(4.534) 

(4.456) 

7 

3.86a 

3.63c'a 

(4.35) 

(4.14) 

8 

6.94a,b 

6.91 6a 

(5.14) 

(5.996) 

9 

7.23a 

6.71  a'b 

(5.59) 

(4.816) 

10 

5.46a,b,c,d 

5.51a,b,c 

(4.46) 

(5.103) 

11 

4.28c,d 

4.31b,c,d 

(4.33) 

(4.05) 

12 

6.35a,b,c 

4.44a'b'c’d 

(5.09) 

(5.52) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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.  ,  Ex^essive  rear-foot  motion  during  walking  is  not  considered  desirable  The 

standard  dev.a  ,on  of  rear-foot  angle  provides  a  measure  of  the  variability  of  the rear- 

f  .  ang  e'  ^able  28  shows  that  aM  of  boots  produced  standard  deviations  of  rear- 
foo  angle  of  about  3-5  degrees.  Boots  3  and  4  produced  the  smallest  standard 

nmHMraHSth f  mot,on  during  both  loaded  and  unloaded  walking,  while  boot  2 

produced  the  largest  standard  deviations. 


meanrSD^'^'0  tr'al  Standard  deviation  of  rear-foot  angle  while  walking  at  3.5  mph, 


Boot 

number 

No  load 

60  lb  load 

1 

3.23° 

3.48a,b 

(1.30) 

(2.13) 

2 

4.87a 

4.36a 

(3.86) 

(2.41) 

3 

2.80c 

3.25b 

(1.462) 

(1.58) 

4 

2.85° 

3.13b 

(1.29) 

(1.38) 

5 

3.76b,c 

3.53a,b 

(1.80) 

(1.42) 

6 

3.25c 

3.493a,b 

(1 .574) 

(2.382) 

7 

3.78b,c 

3.53a,b 

(1.52) 

(1.29) 

8 

4.34a,b 

4.05a,b 

(2.037) 

(2.35) 

9 

3.79b,c 

3.63a,b 

(2.53) 

(2.208) 

10 

3.66b,c 

3.48a,b 

(1.60) 

(1.917) 

11 

3.551b,c 

3.39a,b 

(1.615) 

(1.439) 

12 

3.338b,c 

4.18a,b 

P)  iff  o  -f  I 

(2.200) 

(2.922) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Range  of  rear-foot  angular  motion  is  another  measure  of  how  much  frontal  Diane 
ankle  motion  the  boots  allowed.  Table  29  shows  that  the  boots  produced  rear-foot 
ranges  of  motion  between  1 1  and  19  degrees.  During  unloaded  walking,  boots  3  and  4 
produced  the  smallest  range  of  rear-foot  motion,  just  as  they  produced  the  smallest 
standard  deviations  of  rear-foot  angle,  while  boot  8  produced  the  largest  ranqe  of  rear- 
foot  motion.  During  loaded  walking,  boot  4  produced  the  smallest  range  of  rear-foot 
motion,  while  boot  2  produced  the  largest  range  of  rear-foot  motion,  just  as  it  had 
produced  the  largest  standard  deviations. 


Table  29.  Range  of  rear-foot  motion  (deq)  while  walkina  at  3  .5  mnh 

Boot 

number 

No  load 

60  lb  load 

1 

13.29cd 

14.63a,b 

(5.01) 

(7.26) 

2 

19.29ab 

18.06a 

(12.63) 

(9.69) 

3 

11.83d 

14.51a,b 

(5.48) 

(6.67) 

4 

1 1 .45d 

13.23b 

(4.75) 

(5.20) 

5 

16.79a,b,c 

14.73a,b 

(7.24) 

(6.35) 

6 

15.37b,od 

15.1 0a,b 

(10.63) 

(7.46) 

7 

16.36a,b,c 

13.99a,b 

(7.98) 

(4.61) 

8 

19.64a 

17.1 0ab 

(12.10) 

(10.79) 

9 

15.22b,c,d 

14.62a,b 

(8.13) 

(8.31)  j 

10 

15.40b,c,d 

14.99a,b 

(6.90) 

(7.74) 

11 

14.58c'd 

14.07a'b 

(5.76) 

(5.17) 

12 

r\’/f  .  .  1  mm 

13.21c,d 

16.76a,b 

(8.93) 

(10.52) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 


mean  (SD) 
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Kinematics  and  Kinetics  of  Jump  Landing 


When  landing  on  the  ground  from  a  jump,  effective  shock  absorption  bv  a  boot  is 
critical  for  avoiding  injury.  Table  30  shows  peak  landing  power  and  force  values  when 
jumping  off  a  24  inch  high  platform.  Lower  values  indicate  better  shock  absorption  and 
higher  values,  poorer  shock  absorption.  It  can  be  seen  that  boot  1 1  produced  the  ’ 
lowest  power  and  force  values,  and  a  longer  time  to  reach  peak  power  and  force 
showing  that  the  shock  absorption  delayed  and  attenuated  force  and  power  peaks. 
Boots  7  and  8  produced  the  highest  force  and  power  peaks.  It  can  be  seen  that  peak 
force  and  power  occurred  almost  immediately  upon  landing,  about  3  hundredths  of  a 
second  after  initial  contact. 

Table  30.  Peak  landing  power  and  force  values  when  jumping  off  a  24  inch  hiah 


Boot 

number 

Peak  Value 

Time  of  peak  value  (ms) 

Power  (W) 

Force  (N) 

Force 

1 

17735a,b 

(4404) 

5584d,e 

(1604) 

31.15c,d 

(7.63) 

32.36c,d 

(7.87) 

2 

17775a,b 

(3781) 

5597d,e 

(1293) 

31.44b,c,d 

(5.88) 

32.78b,c,d 

(5.73) 

3 

17969a,b,c 

(4225) 

5774b'c,d'e 

(1393) 

31.53b’c,d 

(6.00) 

32.62b,c,d 

(6.08) 

4 

17838a,b 

(3772) 

56  660,d,e 
(1300) 

33.55a,b 

(5.08) 

34.73a,b 

(4.94) 

5 

1 8785b,c,d 
(3481) 

6063a'b,c,d 

(1246) 

32.24b,c,d 

(5.03) 

33.39b,c,d 

(4.96) 

6 

1 9204c,d 
(4170) 

6126a,b,c 

(1489) 

33.0a,b,c 

(5.77) 

33.91  a'b'c 
(5.73) 

7 

19869d 

(4113) 

631 0a 
(1450) 

33.03a,b,c 

(4.28) 

34.06a,b,c 

(4.59) 

8 

19506d 

(4193) 

6369“ 

(1521) 

30.91  c'd 
(6.45) 

31.82c'd 

(6.41) 

9 

17979a,b,c 

(3498) 

5792b,c,d,e 

(1183) 

30.44d 

(4.94) 

31.47d 

(4.99) 

10 

19298d 

(3666) 

6205a,b 

(1194) 

32.06b,c,d 

(4.96) 

32.97bc'd 

(5.08) 

11 

17376a 

(4078) 

5543® 

(1364) 

34.57" 

(5.47) 

35.59a 

(5.56) 

12 

18802b,c,d 

(4625) 

6132a,b,c 

(1810) 

31.22d,c 

(5.94) 

32.54bc,d 

(5.59) 
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Looking  at  average  landing  power  and  force  after  jumping  off  a  24  inch  high 
platform  (Table  31),  it  can  be  seen  that  boot  1 1  again  showed  its  superiority  in  best 
attenuating  force  and  power  peaks.  Boot  5  was  the  least  capable  in  this  regard. 

Table  31.  Average  landing  power  (W)  and  force  (N)  after  jumping  off  a  24  inch  hiah 
platform,  mean  (SD) 


Boot 

number 

Power 

Force 

1 

2669a,b 

(1043) 

1 005b,c 
(507) 

2 

2676a,b 

(817) 

983b,c 

(373) 

3 

2727a’b,c 

(802) 

1 021 •bc 
(376) 

4 

2730s“'e 

(768) 

1 004b,c 
(364) 

5 

2948° 

(814) 

1 126a 
(396) 

6 

2773a,b,c 

(930) 

1 033a,b,c 
(443) 

7 

2738ab,c 

(865) 

1 008b,c 
(430) 

8 

2857b,c 

(862) 

1 09 1  a'b 
(417) 

9 

2758a,b,c 

(817) 

1031a,b,c 

(399) 

10 

2739a,b,c 

(740) 

1010b,c 

(346) 

11 

2611" 

(767) 

953° 

(350) 

12 

2783“-° 

(856) 

1 055a,b’° 
(410) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Table  32  shows  that  peak  landing  acceleration  after  jumping  off  a  24  in  high 
platform  was  in  the  68-78  m/s2  range,  equivalent  to  7-8  g’s.  In  keeping  with  its  lower 
peak  force  and  power  values,  boot  1 1  produced  the  lowest  landing  accelerations,  along 
with  boot  2.  Just  as  they  produced  the  highest  force  and  power  peaks,  boots  7  and  8 
produced  the  highest  peak  accelerations. 

Table  32.  Peak  landing  acceleration  (m/s2)  and  velocity  (m/s)  after  jumping  off  a  24 
inch  high  platform,  mean  (SD) 


Boot 

Peak  Value 

Time  of  peak  value  (ms) 

number 

Acceleration 

Velocity 

Acceleration 

Velocity 

1 

70.00b,c 

(18.50) 

3.482d 

(0.011) 

32.36'“ 

(7.87) 

4.727b,c,d 

(1.51) 

2 

68.57° 

(10.40) 

3.482d 

(0.012) 

32.78b,c,d 

(5.73) 

5.027b,c 

(2.02) 

3 

70.52b,c 

(13.05) 

3.472b 

(0.007) 

32.62b,c,d 

(6.08) 

3.647e,f 

(2.03) 

4 

69.1 7bd 
(11.37) 

3.487e 

(0.013) 

34.72a,b 

(4.94) 

5.272b 

(1.86) 

5 

74.47a,b,c 

(13.58) 

3.482d 

(0.011) 

33.39b,c,d 

(4.96) 

4.697b,c,d 

(1.63) 

6 

75.29a,b 

(16.63) 

3.480d 

(0.012) 

33.91a,b,c 

(5.74) 

4.303°’d,e 

(1.69) 

7 

77.19a 

(14.90) 

3.489s 

(0.012) 

34  06a  b'° 
(4.59) 

5.969a 

(2.09) 

8 

77.95a 

(16.10) 

3.470a,b 

(0.008) 

31 .82c,d 
(6.41) 

3.242f’9 

(1.64) 

9 

71.69ab'° 

(12.77) 

3.467a 

(0.004) 

31.47d 

(4.99) 

2.333h 

(0.68) 

10 

76.74a 

(13.07) 

3.471  a'b 
(0.004) 

32.97b,c,d 

(5.08) 

3.1 67f’9 
(0.73) 

11 

68.19° 

(12.52) 

3.476° 

(0.007) 

35.59a 

(5.56) 

4.21 6d,b 
(1.34) 

12 

75.35a,b 

(19.29) 

3.469a,b 

(0.007) 

32.54b,c,d 

(5.59) 

2.865gh 

(1.36) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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The  first  force  peak  during  running  occurs  just  after  the  foot  makes  contact  with 
the  ground.  Table  33  shows  that  the  peak  was  reached  1 2%-1 6%  into  the  stride.  During 
non-sprint  running,  as  at  6.5  mph,  the  heel  is  the  foot’s  first  point  of  contact  with  the 
ground  for  a  vast  majority  of  runners.  The  forces  transmitted  from  the  ground  to  the 
body  at  heel-strike  are  usually  quite  high,  and  are  transmitted  up  the  body  through  the 
skeletal  system.  Therefore,  an  important  measure  of  a  shoe  or  boot’s  effectiveness 
during  running  is  the  degree  to  which  it  can  attenuate  the  forces  at  heel-strike.  Looking 
at  the  force  magnitude  as  a  percentage  of  body  weight,  it  can  be  seen  that  the  first 
force  peak  is  in  the  vicinity  of  47%-79%  above  body  weight.  Boot  1  produced  the  lowest 
force,  while  boot  9  produced  the  highest  force. 


Table  33.  Variables  relating  to  first  force  peak  while  running  at  6.5  mph,  mean  (SD) 


Boot 

number 

Magnitude 

(N) 

Time 
(%  of 
stride) 

Magnitude 
(%  body 
weight) 

1 

1 142.05  e 
(260) 

12.9 

(4.2) 

146.68  e 
(33.48) 

2 

1248.91  dc 
(285.12) 

14.97  *'b 
(2.56) 

157.91  c'd'e 
(32.91) 

3 

1257.2  b’°'d 
(301.05) 

13.1  b’c'd 
(4.28) 

159.38  c,d 
(37.20) 

4 

1218.39  de 
(286.68) 

11. 7d 
(2.65) 

153.32  d  e 
(33.02) 

5 

1278.46  b'c’d 
(348.86) 

14.03  a'b'° 
(2.82) 

160.10  c'd 
(37.74) 

6 

1322.94  a'b’c,d 
(382.63) 

13.04  d'c 
(5.65) 

165.08  b'c'd 
(40.00) 

7 

1325.95  a’b'c 
(365.48) 

13.1 9  bc,d 
(4.59) 

166.72  a'b'c 
(42.83) 

8 

1415.3  a 
(398.22) 

15.16  a 
(2.34) 

176.86  ab 
(42.49) 

9 

1421.14  a 
(356.14) 

14.73  ■b,c 
(4.13) 

178.99  a 
(37.47) 

10 

1296.08  b'°’d 
(241.60) 

14.53  a'b’° 
(3.51) 

164.65  b'Cld 
(31.24) 

11 

1358.15  a  b 
(281.07) 

15.81  a 
(3.99) 

173.71  ab 
(36.53) 

12 

1337.53  a  b,c 
(279.68) 

15.38* 

(4.19) 

169.87  a  b  c 
(38.59) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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There  is  a  low  point  in  force  on  the  foot  between  the  heel-strike  and  push-off 
peaks.  The  force  at  that  low  point  ranges  from  31%-42%  above  body  weight  (Table  34) 
The  force  was  lowest  for  boot  6  and  highest  for  boots  2  and  9. 

Table  34.  Variables  relating  to  force  low  point  between  the  heel-strike  and  push-off 
peak  forces  when  running  at  6.5  mph.  mean  (SD) 


Boot 

number 

Magnitude 

(N) 

%  of  Stride 

%  of  body 
weight 

1 

1017.71  b 
(238.16) 

16.79' 

(4.78) 

130.60  a'b 
(29.68) 

2 

1 1 19.20  a 
(199.91) 

18.81  ab 
(3.48) 

141.73  a 
(23.14) 

3 

1064.64  a'b 
(215.85) 

18.00  a’b’c 
(3.42) 

134.82  ab 
(26.16) 

4 

1038.74  a’b 
(255.43) 

16.74  c 
(3.29) 

130.71  ab 
(29.74) 

5 

1107.39  a  b 
(238.33) 

18.31  a'b'c 
(3.86) 

138.87  ab 
(24.81) 

6 

1033.81  ab 
(295.45) 

17.80  b’c 
(5.60) 

129.39  b 
(33.17) 

7 

1065.83  a'b 
(285.51) 

18.11  a'b'c 
(4.95) 

133.37  a’b 
(30.80) 

8 

1104.70  a  b 
(250.32) 

19.73  a 
(2.99) 

138.06  ab 
(24.90) 

9 

1124.61  a 
(214.65) 

19.36  a'b 
(3.86) 

141.95  a 
(22.26) 

10 

1086.98  a'b 
(190.48) 

18.63 

(2.57) 

137.98  ab 
(24.16) 

11 

1101.52  a'b 
(213.93) 

19.88  a 
(3.82) 

140.18  a'b 
(23.84) 

12 

1080.01  a’b 
(161.93) 

19.56  ab 
(3.41) 

137.00  a'b 
(22.78) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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The  second  peak  force  during  running  occurs  as  the  runner  pushes  off  the 
ground.  Table  35  shows  that  the  magnitude  of  that  peak  ranged  from  134%- 144% 
above  body  weight.  Boots  4  and  6  produced  the  lowest  forces,  while  boots  8  and  1? 
produced  the  highest  peak  forces. 

Table  35.  Variables  relating  to  the  second  force  peak  when  runninq  at  6.5  moh 

moo n  /OPi\  0  *  * 


Boot 

number 

Magnitude 

(N) 

%  of  Stride 

%of 

body  weight 

1 

1845.80  e 
(209.10) 

44.22* 

(5.87) 

236.86  b,c,d 
(27.13) 

2 

1915.74  a  b  c 
(200.66) 

45.71  a 
(3.33) 

242.85  a'b 
(24.06) 

3 

1875.30  b'c'd’e 
(174.85) 

44.29* 

(3.87) 

237.77  a,b'c'd 
(20.96) 

4 

1861.97  cd'e 
(219.28) 

44.29  a 
(4.70) 

234.28  d 
(22.35) 

5 

1886.58  a'blC'd’e 
(214.25) 

45.19* 

(4.81) 

238.08  a,b'c’d 
(28.62) 

6 

1855.76  d'e 
(177.49) 

44.33  a 
(4.36) 

234.18  d 
(23.64) 

7 

1873.10  c'd,e 
(206.30) 

44.58  “ 
(4.91) 

236.82  b,c'd 
(31.72) 

8 

1935.83  a 
(180.79) 

45.83  a 
(3.34) 

243.85  a 
(19.37) 

9 

1849.82  e 
(170.72) 

45.89* 

(3.72) 

235.37  d'c 
(28.89) 

10 

1907.17  a'b'°’d 
(175.95) 

45.33  * 

(4.17) 

241.91  a’b'c 
(21.81) 

11 

1870.05  c'd  e 
(196.32) 

45.88* 

(3.16) 

238.79  a,b'°'d 
(24.25) 

12 

r\:u _ j.  1  _  11 _ • 

1927.30  a  b 
(187.35) 

46.02  a 
(6.15) 

243.98  a 
(25.73) 

Different  letters  indicate  significant  (p<0.05)  differences  between  boots 
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Comfort  and  Injury  Prevention 
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Complaints  about  the  heel  are  shown  in  Table  44.  There 
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ann_  A  m  Table  48>  boots  8-  9-  and  12  produced  the  fewest  reports  of  foot  or 
ankle  pain,  soreness,  or  discomfort  subsequent  to  the  march,  while  boot  5  produced 
the  most,  in  keeping  with  its  high  rate  of  injury  production  seen  in  the  previous  table. 

,lT=e:°LVOlunteerS  reportin9  ,00t  or  ankle  Pai".  soreness,  or  discomfort 


Boot  number 

Number  of  volunteers 

1 

9 

2 

9 

3 

6 

4 

6 

5 

11 

6 

9 

7 

9 

8 

4 

9 

4 

10 

9 

11 

6 

12 

4 

79 


All  of  the  boots  were  men’s  size  9.  However,  not  all  nominal  size  9’s  actually 
have  the  same  inside  length.  Table  49  shows  that  boots  4  and  8  produced  no 
complaints  about  being  too  short  or  too  long.  All  the  other  boots  produced  some 
complaints,  but  no  more  than  3  of  the  14  volunteers  complained  about  the  lenqth  of  anv 
particular  boot.  Ideally,  boots  that  are  too  short  or  too  long  would  not  be  a  problem  in 

the  Army  as  long  as  recruits  are  given  the  opportunity  to  try  boots  on  and  pick  from  a 
range  of  sizes.  p  d 
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Table  50  shows  the  number  of  volunteers  reporting  too  little  or  too  much  width  in 
various  segments  of  the  boot.  Boot  2  produced  5  complaints  about  a  wide  toe  box, 
while  boots  5  and  6  each  produced  7  complaints  of  a  narrow  toe  box.  Boots  2  and  4 
produced  the  most  complaints  about  a  wide  fore-foot,  while  boots  6  and  7  produced  the 
most  complaints  about  a  narrow  fore-foot.  Boot  2  produced  6  complaints  about  a  wide 
mid-foot.  Boots  1  and  5  each  produced  4  complaints  about  a  narrow  heel. 

Table  50.  The  number  of  volunteers  reporting  too  little  or  too  much  width  in  various 
segments  of  the  boot _ 


Toe  Box 

Fore-foot 

Mid-foot 

Heel 

Boot 

number 

Wide 

Harrow 

Wide 

Narrow 

Wide 

Narrow 

Wide 

Narrow 

1 

1 

1 

1 

0 

0 

0 

2 

4 

2 

5 

0 

4 

0 

6 

0 

3 

0 

3 

1 

2 

2 

1 

2 

0 

2 

0 

4 

3 

0 

4 

1 

1 

0 

1 

1 

5 

0 

7 

1 

3 

0 

2 

1 

4 

6 

0 

7 

0 

5 

0 

2 

0 

2 

7 

0 

5 

0 

5 

1 

2 

0 

3 

8 

1 

0 

0 

0 

1 

0 

0 

0 

9 

0 

3 

0 

0 

0 

1 

0 

0 

10 

0 

4 

0 

0 

0 

0 

2 

2 

11 

0 

0 

1 

1 

2 

1 

1 

0 

12 

2 

1 

1 

0 

1 

1 

0 

0 

Inadequate  toe  box  height  can  be  associated  with  injury  to  the  toe  nails.  Table 
51  shows  that  half  the  volunteers  complained  that  boot  5  had  inadequate  toe  box 
height.  Boots  6  and  7,  the  current-issue  Army  boots,  also  produced  a  relatively  high 
number  of  such  complaints. 


82 


nart  J,lbl f  52,shows  the  number  of  volunteers  reporting  pain  or  soreness  in  various 
parts  of  the  leg  dunng  the  6-mile  60-lb  backpack  hike.  None  of  the  boots  produced 
exceptionally  high  or  low  scores  in  this  regard. 

Table  52.  Number  of  volunteers  reporting  pain  or  soreness  in  various  parts  of  the  lea 

durinn  thA  fi-milo  fin.iK  u:i,_  ^  nit;  leg 


Boot 

number 

Pain  front 
lower  leg 

1  . 

Pain  back 
lower  leg 

Pain  front 
knee 

Pain  front 
thiqh 

Pain  back 
thiqh 

1 

0 

0 

0 

1 

1 

2 

0 

_ _Q _ ;  ... 

0 

1 

1 

3 

1 

1 

0 

1 

1 

4 

1 

0 

1 

0 

0 

5 

0 

1 

0 

0 

0 

6 

0 

0 

1 

0 

0 

7 

1 

2 

0 

1 

1 

8 

1 

2 

0 

1 

1 

9 

1 

1 

2 

1 

1 

10 

0 

0 

0 

1 

1 

11 

0 

1 

1 

1 

1 

12 

1 

0 

0 

0 

0 
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T2ble  53  shows  the  number  of  volunteers  reporting  they  slipped  or  fell  on  eithpr 
ky  surfaces,  branches,  or  roots.  In  this  regard,  the  commercial  hiking  boots  did  verv  wpM 
producing  only  0-1  slips.  Boot  7  was  the  poorest,  with  6  slips.  ^  We"’ 

OTbranchesZote"  °f  V°'UmeerS  reporting  they  sliPPed  or  fel1  either  rocky  surfaces 
Boot  number  Rocky  Surfaces  Branches/  Roots  Total  Slips 


84 


Volunteer  perceptions  of  inadequate  traction  on  dirty  or  wet  surfaces  are  shown 
in  Table  54.  The  numbers  are  low  for  all  the  boots  despite  the  notable  difference  in 
reported  slips  above. 
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Some  boot  tread  patterns  can  trap  dirt,  mud,  or  stones.  Table  55  shows  the 
number  of  volunteers  reporting  collection  of  dirt,  mud  or  stones  in  the  boot  tread.  Boot  6 
produced  no  reports  at  all  concerning  collection  of  mud  in  the  tread.  Boot  8  produced 
the  most  such  complaints. 

Table  55.  Number  of  volunteers  reporting  collection  of  dirt,  mud  or  stones  in  the  boot 
tread 


Boot 

number 

Number  of 
complaints 

1 

2 

2 

2 

3 

2 

4 

2 

5 

1 

6 

0 

7 

1 

8 

4 

9 

1 

10 

3 

11 

2 

12 

1 
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One  of  the  major  functions  of  hiking  boots  is  to  protect  the  bottom  of  the  foot 
from  point  pressures  due  to  rocks  and  stones.  Table  56  shows  the  number  of 
volunteers  reporting  they  felt  rocks  and  stones  through  the  boot  heel  or  sole  while 
hiking.  Again  the  commercial  boots,  numbers  8-12,  excelled,  producing  the  fewest 
sensations  of  objects  through  the  boot. 

Table  56.  Number  of  volunteers  reporting  they  felt  rocks  and  stones  through  the  boot 
heel  or  sole  while  hiking 


Boot 

number 

Number  of 
complaints 

1 

5  ' 

2 

6 

3 

7 

4 

9 

5 

8 

6 

7 

7 

6 

8 

2 

9 

0 

10 

1 

11 

3 

12 

3 
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Overall  boot  discomfort  is  reported  in  Table  57  Rnnt  *  r-«  -j  ^ 

sr^diTi°tcr,raoralmosth?,hevoiu- 

during  the  march  '  COmmerclal’  Prod“ced  no  reports  of  excessive  discomfort 


march  ^  NUmber  °'  VOlUn,eerS  reportin9 the  boots  veV  uncomfortable  during  the 


j  Boot 
number 

Very 

uncomfortable 

j  1 

1 

1  2 

3 

1  3 

2 

1  4 

1 

1  5 

6 

1  6 

3 

|  7 

5 

1  8 

0 

1  9 

2 

1  10 

0 

1  11 

0 

1  12 

0 
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hnntQ  “  b°°±f,exibi,ity  can  be  unpleasant  during  hiking.  Table  58  shows  that 
coots  1,2,4,  and  5  produced  no  complaints  at  all  about  inflexibility.  Boots  6  8  and  1 0 
each  produced  4  complaints  about  boot  sole  inflexibility. 
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r  ♦  59JSI10WS  the  nLJmber  of  volunteers  reporting  the  boot  uppers  inflexible 

B°°ts,8’  10,  and  11,  all  commercial,  produced  the  most  reports  of  inflexible  uppers 

Wfl'  e-bT°tS  1’2’3’  and  5’  aH  military  PrototyPes.  produced  no  reports  of  boot  upper 
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Table  60  shows  information  that  should  be  considered  among  the  most 
important  in  evaluating  a  boot;  that  is,  the  number  of  volunteers  that,  based  only  on 
comfort  and  function,  would  not  recommend  the  boots  for  use  by  the  Army  as  field 
boots.  Half  of  the  volunteers  would  not  recommend  boots  5,  6,  and  7,  which  notably 
include  the  current-issue  Army  combat  boot  and  jungle  boot.  Almost  as  many  would  not 
recommend  boot  3.  All  the  commercial  boots  (numbers  8-12),  as  well  as  one  prototype 
boot  (number  2),  fared  best  in  this  regard.  There  were  no  volunteers  who  would  not 
recommend  boot  12  for  use  by  the  Army  as  field  boots. 


Table  60.  Number  of  volunteers  that,  based  only  on  comfort  and  function,  would  not 
recommend  the  boots  for  use  by  the  Army  as  field  boots 

Boot  number  Number  of 

_  complaints 
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A  SYSTEM  FOR  OVERALL  BOOT  EVALUATION 


, ..  'f  dlff,cult  t0  comPare  the  overall  effectiveness  of  the  12  boots  by  examininq  all 
of  the  tablespresented  in  the  results  section.  Therefore,  a  point  system  was  devised  in 
which  each  boot  would  receive  points  for  the  variables  deemed  most  critical  to  overall 
boot  evaluation  The  selected  variables  are  listed  below.  The  criterion  for  selection  of 
variables  was  that  a  clear  value  judgement  about  the  effectiveness  of  the  boots  could 
be  made  based  on  comparison  of  variable  means.  In  other  words,  it  had  to  be  clear 
whether  a  variable  indicated  something  positive  or  negative  about  the  boot,  and 
whether  a  high  score  or  a  low  score  was  desirable.  For  instance,  none  of  the  Tekscan® 
results  were  used  in  the  point  system  because  they  didn’t  appear  to  add  any  evaluative 
information  beyond  that  produced  by  the  force  platform  data,  the  comfort 
questionnaires,  and  the  injury  assessment.  Point  values  were  assigned  based  on  the 
post  hoc  statistical  analysis.  To  do  this,  the  boots  were  ranked  according  to  the  letters 
or  set  of  letters  assigned  to  them  in  the  post  hoc  analysis,  where  different  letters 
indicates  significantly  different  means.  Thus  1  was  always  the  best  score.  Several  of 
the  boots  often  received  the  same  ranking,  so  that  scores  sometimes  ranged  from  1-3 
and  other  times  from  1-8  etc.  In  order  to  avoid  weighting  some  of  the  variables  more 
heavily  than  others,  the  rankings  were  multiplied  by  an  integer  such  that  the  scores  for 
each  variable  had  a  maximum  value  of  about  20. 


To  allow space  for  data  in  Table  62,  which  summarizes  the  overall  evaluation 
each  of  the  variables  in  the  list  below  is  preceded  by  a  letter  that  represents  that 
variable  in  the  table. 


A.  400  m  straight  run  times  without  load 

B.  400  m  straight  run  times  with  load 

C.  400  m  zigzag  run  times  without  load 

D.  400  m  zigzag  run  times  with  load 

E.  Rate  of  oxygen  consumption  relative  to  body  mass  (ml/kg/min),  unloaded 
walking 

F.  Rate  of  oxygen  consumption  relative  to  body  mass  (ml/kg/min)  loaded 
walking 

G.  Rate  of  oxygen  consumption  relative  to  body  mass  (ml/kg/min)  unloaded 
running 

H.  Maximum  vertical  heel-strike  force  (N)  while  walking  at  3.5  mph,  unloaded 

I.  Maximum  vertical  heel-strike  force  (N)  while  walking  at  3.5  mph,  loaded 

J.  Maximum  rear-foot  angle  (deg)  while  walking  at  3.5  mph,  unloaded 

K.  Maximum  rear-foot  angle  (deg)  while  walking  at  3.5  mph,  loaded 

L  Range  of  rear-foot  motion  (deg)  while  walking  at  3.5  mph,  unloaded 

M.  Range  of  rear-foot  motion  (deg)  while  walking  at  3.5  mph,  loaded 

N.  Peak  landing  force  when  jumping  off  a  24  inch  high  platform 

O.  Total  number  of  positive  comments  for  each  boot 

P.  Total  number  of  negative  comments  for  each  boot 

Q.  Number  of  injuries  to  different  regions  of  the  foot  subsequent  to  6-mile  hike 
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o'  °!  V0!un!eers  reporting  f°ot  or  ankle  pain,  soreness,  or  discomfort 

b.  Number  of  volunteers  reporting  they  slipped  or  fell 

T.  Number  of  volunteers  reporting  collection  of  dirt,  mud  or  stones  in  the  boot 


U.  Number  of  volunteers  that  felt  rocks  and  stones 

V.  Number  of  volunteers  reporting  the  boots  very  uncomfortable  durinq  the 

march  a 

W.  Number  of  volunteers  reporting  the  boot  soles  inflexible 

X.  Number  of  volunteers  reporting  the  boot  uppers  inflexible 

Y.  Number  of  volunteers  that  would  not  recommend  the  boots 

Z.  The  number  of  volunteers  reporting  chafing  by  the  boot 


k  hot  Jf  1?  62  Sh°W£; the  pomts  ass*gned  to  each  boot  in  the  overall  evaluation  (lower 

ThP  lit  '  The  JaSt  r°W  'n  Part  "  °f  the  table  gives  the  total  score  for  each  boot 
The  last  row  gives  a  base100  score  computed  such  that  the  poorest  performing  boot 

would  score  50  and  the  best  performing  boot  100.  The  calculation  used  to  get  the  1 
base100  score  was  as  follows:  y 

base100  score  =  100  -  50(individual  boot  total  score  -  best  boot  total  Room) 

(worst  boot  total  score  -  best  boot  total  score) 

=  1 00  -  50(individual  boot  total  score-1 84)/(327-1 84) 

It  can  be  seen  that  boot  12,  the  Salomon  Adventure  9  Ultralight  was  the  best 

sasMKss  - m  s"  -  “  ™  .. 


Base10n  Scores  (100  is  best,  lower  scores  are  not  as  goodl 


Rank  Boot 

1 .  Salomon  Adventure  9  Ultralight  (boot  1 2) 

2.  Raichle  Highline  (boot  9) 

4.  Prototype  3  (boot  3) 

4.  Prototype  4  (boot  4) 

4.  Asolo  Meridian  (boot  1 1) 

6.  Asolo  AFX  535  (boot  1 0) 

7.  Prototype  1  (boot  1) 

8.  Prototype  2  (boot  2) 

9.  Montrail  Moraine  (boot  8) 

1 0.  Army  combat  boot  (boot  6) 

1 1  ■  Army  jungle  boot  (boot  7) 

12.  Prototype  5  (boot  5) 


Score 

100 

90 

84 

84 

84 

73 

70 

67 

65 

59 

51 

50 
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CD 

CD 


DISCUSSION 


Many  significant  differences  were  found  between  the  boots  in  regard  to  many 
variables  that  reflect  the  boots’  effectiveness  in  preventing  injury  to  the  soldier  and 
enhancing  performance.  The  extensive  data  produced  by  the  experiment  should  allow 
fact-based  decisions  concerning  military  boot  design. 

The  variables  addressed  in  this  experiment  covered  most  of  the  three  levels  of 
requirements  of  military  boots  specified  by  Hamill  and  Bensel  (6).  The  400  m  straight 
and  zigzag  runs  with  and  without  a  load  addressed  the  locomotor  capabilities  of  the 
wearer.  The  oxygen  uptake  tests  for  loaded  and  unloaded  walking,  and  unloaded 
running,  addressed  the  efficiency  of  locomotion.  The  tabulation  of  injuries  addressed 
the  goal  of  minimizing  the  occurrence  of  lower  extremity  injury  and  pain.  The 
requirement  of  providing  comfort  was  assessed  by  the  questions  the  volunteers 
answered  about  each  boot  after  the  6  mile  backpack  march.  Information  was  provided, 
as  well,  on  the  weight  of  the  boots  and  how  high  they  come  up  the  ankle.  This  study  did 
not  address  military  requirements  of  water  resistance  and  durability  of  the  uppers  or 
soles,  nor  maximal  unit  cost  or  production  factors.  Such  considerations  may  impede 
adaptation  of  boots  or  boot  features  that  performed  very  well  on  our  tests. 

Despite  the  fact  that,  in  their  boot  materials  testing  study,  Hamill  and  Bensel  (6) 
found  the  black  leather  combat  boot  and  the  hot  weather  jungle  boot  to  show  poorer 
impact  attenuation  than  commercial  footwear,  as  measured  by  peak  deceleration,  time 
to  peak  deceleration,  and  peak  pressure,  we  found  that  these  two  current-issue  boots 
did  not  show  high  foot  impact  forces  during  both  unloaded  and  loaded  walking.  The 
reason  is  likely  that  the  walker  makes  subconscious  adjustments  in  gait  in  response  to 
the  hardness  of  the  footwear.  Thus  the  hard  soles  of  the  current-issue  military  boots 
likely  caused  gait  adjustments  so  that  the  volunteers  did  not  strike  the  ground 
forcefully.  These  results  are  in  contrast  to  the  human  testing  of  Hamill  and  Bensel  (8)  in 
which  they  found  that  the  jungle  and  combat  boots  produced  higher  peak  impact  forces 
than  commercial  footwear.  However,  Hamill  and  Bensel  found  no  difference  between 
the  various  boots  for  foot  impact  force  during  running,  and  sometimes  lower  impact  for 
the  military  boots. 

Hamill  and  Bensel  (9)  showed  no  difference  among  footwear  as  to  the  heart  rate 
or  oxygen  consumption  of  males.  In  contrast,  we  found  a  number  of  significant 
differences  among  the  boots  as  to  oxygen  consumption  during  unloaded  and  loaded 
walking,  as  well  as  running. 


Just  as  in  the  study  of  Williams  et  al.  (17)  who  compared  current-issue  combat 
and  jungle  boots  to  commercially  available  boots,  and  a  hybrid  boot  composed  of  the 
outer  shell  of  the  jungle  boot  and  a  non-standard  polyurethane  sole,  we  found  that,  with 
the  exception  of  prototype  boot  5,  the  prototypes  and  the  commercial  boots  were 
superior  overall  to  the  standard  leather  and  jungle  boots.  Their  conclusion,  that  optimal 
characteristics  of  commercially  available  boots  can  be  combined  to  create  a  military 
prototype  boot  surpassing  those  in  current  use,  is  in  keeping  with  ours. 
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.  °kserved  ground  impact  landing  forces  following  a  jump  from  a  0.6  m  hiqh  box 
o  be  in  the  range  of  7  times  body  weight.  This  is  in  the  general  range  of  the  6  times  bodv 
weight  landing  forces  observed  by  McNitt-Gray  (13).  In  contrast  to  the  finding  of  Hamill  and 
Bensel  s  (9),  the  footwear  with  the  highest  uppers  did  not  produce  the  longest  times  for 
agility  runs.  One  reason  might  be  that  the  agility  runs  were  not  of  the  same  type  Another 

reason  might  be  that  although  the  prototype  boots  were  high,  they  were  more  flexible  than 
are  the  current-issue  combat  boots. 


CONCLUSIONS 

The  boots  are  discussed  below  in  the  order  of  their  rankings,  from  best  to  worst: 

•  The  Salomon  Adventure  9  Ultralight  (boot  12)  is  the  best  boot  of  those  tested.  It 
ranked  highly  as  to  almost  all  the  critical  variables,  and  was  particularly  strong  as  to 
subjective  ratings  of  the  volunteers.  It  was  the  only  boot  that  not  a  single  volunteer 
would  not  recommend  for  military  use.  None  of  the  volunteers  found  the  boot 
uncomfortable. 

•  The  Raichle  Highline  (boot  9)  was  a  very  good  all-around  boot.  It  was  excellent  as 
to  subjective  volunteer  ratings,  shielding  the  foot  from  rocks  and  stones,  boot  upper 
flexibility,  and  preventing  chafing. 

The  following  3  boots  all  had  the  same  score 

•  Prototype  3  (boot  3)  was  a  fairly  good  boot  which  performed  well  as  to  control  of 
rear-foot  motion  during  unloaded  walking,  boot  upper  flexibility,  and  lack  of  chafinq 
Most  of  its  other  scores  were  mid-range. 

Prototype  4  (boot  4)  was  superior  in  keeping  the  foot  from  pronating.  It  received  a 
lot  of  positive  comments,  had  good  sole  flexibility  and  didn’t  chafe.  Its  weaknesses 
were  high  heel-strike  force  and  poor  shielding  against  rocks  and  stones 

•  The  Asolo  Meridian  (boot  1 1)  was  also  a  good  all-around  boot.  It  scored  very  well  in 
minimizing  impact  in  the  jump  landing,  volunteer  perceptions  of  comfort,  and  lack  of 
chafing.  It  was  generally  mid-range  for  the  remaining  variables,  except  for  poor 

showings  on  the  400  m  straight  run  with  a  load  and  heel-strike  force  while  walkina 
with  a  load.  y 

The  Asolo  AFX  535  (boot  10)  scored  very  well  as  to  perceived  comfort,  prevention 
of  slipping,  and  rate  of  oxygen  consumption  during  unloaded  walking.  It  performed 
poorly  at  preventing  foot  or  ankle  pain,  soreness  or  discomfort  and  had  a  stiff  sole 

•  Prototype  1  (boot  1 )  scored  very  well  as  to  flexibility  of  both  the  boot  uppers  and 
sole,  perceived  comfort,  attenuation  of  heel-strike  force  during  loaded  walking  and 
attenuation  of  impact  during  jump  landing.  However,  it  didn’t  score  strongly  on  most 

other  variables,  and  produced  several  reports  of  foot  or  ankle  pain,  soreness  or 
discomfort. 

•  Prototype  2  (boot  2)  scored  very  well  as  to  flexibility  of  both  the  boot  uppers  and 
sole,  lack  of  chafing,  and  attenuation  of  impact  during  jump  landing.  However  it 
didn  t  score  strongly  on  most  other  variables,  and  scored  poorly  as  to  heel-strike 
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force  during  unloaded  walking,  ankle  stabilization,  and  number  of  reports  of  foot  or 
ankle  pain,  soreness,  or  discomfort. 

•  The  Montrail  Moraine  (boot  8)  scored  very  highly  as  to  attenuation  of  heel-strike 
force  during  both  unloaded  and  loaded  walking,  positive  volunteer  comments, 
prevention  of  foot  injuries,  prevention  of  slipping,  protection  against  rocks  and 
stones,  perceived  comfort,  and  prevention  of  chafing.  However,  the  boot  had 
several  weak  areas  and  performed  poorly  on  the  400  m  straight  run  with  load, 
control  of  rear-foot  motion,  and  collection  of  dirt  and  stones  in  the  sole.  Both  the 
boot  uppers  and  soles  were  perceived  as  inflexible. 

•  The  current-issue  Army  combat  boot  (boot  6)  was  third  from  last  as  to  overall  score. 
It  scored  well  as  to  attenuation  of  heel-strike  force  during  walking  and  prevention  of 
dirt  buildup  in  the  boot  tread.  However,  many  other  scores  were  fair  to  poor.  The 
boot  garnered  its  worst  scores  on  the  400  m  zigzag  run  without  a  load,  rate  of 
oxygen  consumption  during  unloaded  running,  number  of  reports  of  foot  or  ankle 
pain,  soreness  or  discomfort,  and  sole  stiffness.  Fully  half  of  the  volunteers  said 
they  would  not  recommend  the  boot  for  military  use. 

•  The  Army  jungle  boot  (boot  7)  scored  next  to  last  of  the  12  boots.  The  boot  scored 
well  as  to  prevention  of  dirt  and  rock  buildup  in  the  sole  tread  and  flexibility  of  the 
boot  uppers.  However,  the  boot  scored  poorly  on  the  400  m  straight  run  with  load, 
rate  of  oxygen  consumption  during  unloaded  walking,  number  of  reports  of  foot  or 
ankle  pain,  soreness,  or  discomfort,  and  number  of  slips  and  falls.  Fully  half  of  the 
volunteers  said  they  would  not  recommend  the  boot  for  military  use. 

•  Prototype  5  (boot  5)  was  the  worst  boot  of  all.  While  it  scored  well  in  prevention  of 
pronation  during  both  loaded  and  unloaded  walking,  resistance  to  collection  of  dirt 
and  stones  in  the  boot  tread,  and  flexibility  of  both  uppers  and  soles,  it  didn’t  score 
well  on  most  other  tests.  Its  most  outstanding  weaknesses  were  at  the  400  m 
straight  run  with  load;  rate  of  oxygen  consumption  during  unloaded  and  loaded 
walking;  heel-strike  force  during  loaded  walking;  number  of  injuries  subsequent  to 
the  6  mile  hike;  number  of  reports  of  foot  or  ankle  pain,  soreness,  or  discomfort; 
number  of  reports  that  the  boots  were  very  uncomfortable;  and  boot  chafing.  Fully 
half  of  the  volunteers  said  they  would  not  recommend  the  boot  for  military  use. 

Knowledge  of  which  boot  did  the  best  on  each  test  can  help  determine  which 

features  of  each  boot  may  be  worth  incorporating  into  a  future  military  boot.  Therefore,  the 

best  performer  on  each  test  is  indicated  below: 

•  The  12  boots  did  not  differ  as  to  400  m  straight  run  time  without  load. 

•  Prototype  3  produced  the  fastest  400  m  straight  run  times  with  load. 

•  Prototype  5  and  the  Salomon  boot  produced  the  fasted  400  m  zigzag  run  times 
without  a  load. 

•  The  12  boots  did  not  differ  as  to  400  m  zigzag  run  times  with  load. 

•  The  Asolo  AFX  535  produced  the  lowest  rate  of  oxygen  consumption  for  unloaded 
walking. 

•  The  Salomon  boot  produced  the  lowest  rate  of  oxygen  consumption  for  loaded 
walking. 
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•  The  Salomon  boot  produced  the  lowest  rate  of  oxygen  consumption  for  unloaded 
running. 

•  The  Montrail  Moraine  produced  the  lowest  maximum  vertical  heel-strike  force 
during  unloaded  walking. 

•  Prototype  1  produced  the  lowest  maximum  vertical  heel-strike  force 
during  loaded  walking. 

•  Prototypes  4  and  5  were  best  at  controlling  foot  pronation  during  unloaded  walking. 

•  Prototype  5  was  best  at  controlling  foot  pronation  during  loaded  walking. 

•  Prototypes  4  and  5  were  best  at  controlling  range  of  rear-foot  motion  durina 
unloaded  walking. 

•  Prototype  4  was  best  at  controlling  range  of  rear-foot  motion  during  loaded  walking. 

•  The  Asolo  Meridian  was  best  at  attenuating  peak  landing  force  when  jumpina  off  a 

24  inch  high  platform.  K  a 

•  The  Raichle  Highline  received  the  greatest  number  of  positive  comments. 

•  The  jungle  boot  and  Asolo  Meridian  received  the  fewest  negative  comments. 

•  The  Montrail  Moraine  produced  the  lowest  number  of  foot  injuries  consequent  to  the 
6-mile  hike.  NOTE:  The  only  injuries  evidenced  during  the  study  were  friction- 
related  ones,  including  chafing,  hot-spots,  and  blisters. 

•  The  Montrail  Moraine,  Raichle  Highline,  and  Salomon  Adventure  produced  the 
fewest  complaints  of  foot  or  ankle  pain,  soreness,  or  discomfort. 

•  The  Salomon  boot  produced  the  fewest  number  of  slips  or  falls  (none). 

•  The  Army  combat  boot  produced  the  least  collection  of  dirt,  mud  or  stones  in  the 
boot  tread. 

•  The  Raichle  Highline  provided  the  best  protection  against  rocks  and  stones. 

•  All  the  commercial  boots  except  the  Raichle  Highline  were  best  at  comfort  in 
producing  no  complaints  of  extreme  discomfort  during  the  6  mile  march. 

•  Prototypes  1,2,4,  and  5  had  the  most  flexible  soles. 

•  Prototypes  1 , 2,  3,  and  5,  as  well  as  the  Raichle  Highline  and  Salomon  Adventure 
had  the  most  flexible  uppers. 

•  The  Salomon  received  the  most  recommendations  for  use  as  a  military  boot 

•  The  Montrail  Moraine  and  Salomon  boots  produced  the  fewest  reports  of  chafing. 


RECOMMENDATIONS 

^  PrototyPes’  boots  3  and  4  produced  the  best  overall  test  results.  Because 
the  Solomon  boot  was  so  clearly  superior  to  the  other  boots  and  the  Raichle  Highline 
was  a  strong  second  place,  some  of  their  features  are  worthy  of  consideration  for 
incorporation  into  a  future  military  boot.  However,  the  fact  that  these  two  commercial 
boots  were  from  non-U.S.  manufacturers  (Salomon  from  France  and  Raichle  from 
Switzerland)  may  prevent  the  inclusion  of  specific  proprietary  features  into  U.S.  military 
boots.  Licensed  manufacture  in  the  U.S.  of  foreign  products  or  components  is  a 
possible  solution. 


100 


It  is  important  to  note  that  we  did  not  perform  some  essential  off-the-wearer  tests 
on  the  boots,  such  as  tests  for  resistance  to  wear,  water,  organic  liquids,  heat,  flame, 
etc.  Neither  did  we  test  how  the  boots  function  after  being  used  for  several  months. 
Evidence  from  such  tests  should  be  combined  with  evidence  from  our  experiments  for 
overall  boot  evaluation. 
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APPENDIX  A 


Boot  Questionnaire  and  Foot  Injury  Recording  Form 


Boot  Study  Questionnaire 


Subj set  ID  ft  DATE • 

Boot  Type: _ 


COMFORT/DISCOMFORT  RATINGS: 

1)  Did  you  experience  any  pain  soreness  or  discomfort  in  your 
feet  or  ankles  during  the  march? 

YES _  N0 _ 

If  NO  go  on  to  Question  #  2. 

If  YES  answer  the  following  questions. 


1A)  Were  the  boots  appropriate  in  length? 

If  No  were  the  boots  too  long? 

If  No  were  the  boots  too  short? 

If  the  boots  were  too  short: 

A)  Did  you  feel  that  there  was  nc 
toes  in  the  boot? 


walking  or  running? 


YES _ 

NO 

YES _ 

NO 

YES _ 

NO 

enough  room  for  your 

YES 

NO 

your  heels 

while 

YES 

NO 

IB)  Indicate  how  this  pair  of  boots  fits  your  foot  width-wise 

wide  neutral  narrow 

Toe  box 


Forefoot  area 
Midfoot/ instep  area 
Heel  area 
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ID)  were  the  toe  boxes  of  the  boots  high  enough  inside? 

YES 


IE)  Did  the  inside  lining  of  the  boot  chafe  or  otherwise  -inn ,,ya 
you  or  cause  discomfort?  YES  NO 

If  YES,  where  was  the  problem  area: 


Toe  Box: 


Top  under  surface 
Inside  surface 
Outside  surface 
Insole 


Forefoot  area: 


Top  under  surface 
Inside  surface 
Outside  surface 
Insole 


Midf  oot/instep 


Top  under  surface 
Inside  surface 
Outside  surface 
Insole 


Heel  area: 


Top  under  surface 
Inside  surface 
Outside  surface 
Insole 


Ankle  area  achilles  area 

inner  ankle  bone 
outer  ankle  bone 
under  boot  laces 

2  Did  you  experience  any  pain  or  soreness  in  your  legs  durinq 
the  march?  a  g 

YES  No 


If  YES  where  did  the  soreness  occur? 


NO 


3.  Did  you  slip  or  fall  during  the  march?  YES 

If  YES  what  kind  of  surface  were  you  walking/runnino-  ^ 

when  the  slip  happened?  Paved  road _  dirt  road  roclr 

Fallen  tree  branches 


4.  Indicate  your  opinion  of  the  traction  provided  by  these 

boots  (i.e.  their  ability  to  grip  the  ground  and  prevent  von 
from  slipping).  you 

_  Good  traction 

_  Adequate  traction 


_ _  Bad  traction 

If  you  found  these  boots  to  have  inadequate  traction  what 
were  the  surface  conditions  (dirt,  paved,  rock,  dry,  wet,  slimy) 
when  you  experienced  the  bad  traction?  ^ 

5.  Did  stones  or  dirt/mud  collect  in  the  tread  of  the  heels  on 
soles  of  these  boots?  .  S  or 

YES  NO 


ft  Y°U  "alk®d  over  rooks  and  stones  coudd  you  feel  them 

through  the  heeals  or  soles  of  these  boots? 

YES _  NO 


How  comfortable  were  these  boots  to  wear  during  the  march? 
_ _  Very  comfortable 

-  Neither  comfortable  or  uncomfortable 

_ _  Very  uncomfortable 


How  flexible  were  the  soles  of  these  boots? 

Not  flexible  at  all  _ 

Moderately  flexible 


IV 


Very  flexible 


9  -  How  flexible  were  the  uppers  of  these  boots? 

Not  flexible  at  all  _ 

Moderately  flexible  _ 

Very  flexible  _ 

10.  In  terms  of  hiking  what  is  the  best  feature  of  the  boots  von 
wore  today?  y 


11.  In  terms  of  hiking  what  is  the  worst  feature  of  the  boots 
you  wore  today? 


12.  Based  only  on  comfort  and  function  would  you  reccomend  these 
boots  for  use  by  the  Army  as  field  boots? 

YES  NO 


If  NO,  explain  why? 


ruui  uvjuky  DAT  A  fUHlVi 


‘NAME _ _ _  DATE _ 

Total  No.  Left  Foot  Total  No.  Right  Foot 

;  _  •  Blisters  (B) 

~~  _  HotSpots  (HS) 

Bruises  (BU) 

_ _  _ _  Abrasions  (A) 

_  _ '  Tinea  Pedis  (TP) 

Metatarsal  Pain  (MP) 

"  Dermatitis  (D) 

’  Other 


